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A project funded by the Southern California Edison (SCE) Company, Research

Center of Irwindale, California, has supported the development of a performance and

parameter prediction software program for use during the refurbishment of large

synchronous machines, turbine generators, and synchronous condensers. The computer

program was developed for SCE to allow user friendly input of a machine's physical

parameters such as pole/field/winding/stator dimensions, type of steel, and other related

information in order to calculate the machine's reactances, time constants, and performance

curves. The program also allows some degree of design calculation to be performed in

order to meet certain design criteria where appropriate.

The theory behind the calculations upon which the electrical calculations are built is

obtained primarily from literature published in the early 1950's. Since that time, however,

machine design has progressed into ever larger generators, most often in the hundreds of

Megawatt range with some units exceeding one thousand Megawatts. This size increase has

established the practice of winding the stator coils into parallel circuits to maintain

acceptable flux and generated voltage levels. These design practices justify a re-examination

of the traditional methods used to calculate a machine's reactances and time constants.

Accordingly, the use of parallel circuits in the stator winding and their effect on machine

parameters has not, to this author's knowledge, been addressed in public literature. These

issues are exam fled and modifications to the traditional formulas have been derived for the

reactances along with the process of carrying out the calculations on a per pole basis.
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In addition, the calculation of the parameter and performance equations of a machine

are suitable for implementation on a computer due to the length and often iterative

calculation procedures. The procedures used to calculate the capability and saturation curves

directly from the machine's physical dimensions are developed. During development of the

program a forty megawatt generator was measured in order to test and debug the program.

Results of this test case are presented and compared to test values obtained at the time of

the generator's installation.
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Men of science are clever and diligent workers - seekers, who will turn over

the stones they meet upon the way, but who follow no well defined plan;

they grope hopefully toward a beckoning glimmer in endless vistas of

ignorance and doubt.

ALFRED STILL( 1 869- ?)
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PREFACE

When the project that this thesis sprung from was initially proposed, it was believed

that the computer program that would result would arise relatively simply from the

compilation of a few technical papers, the choice of some appropriate equations, and the

addition of some engineering know-how. As sure as civilizations are bound to fall or rivers

are to change their course the "dream" of this project was to be shattered. In one sense, this

was a fortunate event as this project then demanded the true research that is required of a

post-graduate thesis all the while allowing the rarely afforded opportunity of delving into the

idiosyncracies of the subject matter so deeply. On the other hand, it led to many of those

infamous meetings between advisor and student that start out with, "So, this is very

interesting, but what do we do now...?"

This "rediscovery" of the history and development of synchronous machine

parameter estimation from physical dimensions would not likely have occurred at this time

in this thesis had not my advisor attended an engineering conference and engaged in casual

conversation with a second person, who himself happened to have heard of a third person

who had expressed an interest, in some way or form, in a program of this nature. Phone

calls and correspondence ensued resulting in a project that began with a research contract

and culminated with a computer program and this thesis. This sort of project initiation is

fortunate as it allows the university to experience first-hand what industry desires while

showing industry that the university can meet their needs. The final result, optimistically,

being the establishment of closer ties between industry and academia, and the graduation of

students better able to apply their university development in the workplace. It is sincerely

hoped by this author that these projects continue and proliferate.

Of course not all individuals lending support in one way or another can be

recognized herein, therefore, only those principal players are mentioned. The professional

development due to my instructors, fellow students, and advisors is much appreciated and is

present in the very making of this thesis. The primary individuals alluded to in the above

story that made possible this project deserve further recognition for without their support

this project would not exist and this thesis would be altogether different.

The first being my thesis advisor Dr. Alan K. Wallace, Professor of Engineering at

Oregon State University, an inspiring and tireless researcher with whom I owe much in the



completion of this project. His combination of knowledge, guidance, and my allowed

freedom in approaching this project are commendable.

The second being Dr. Isidor Kerszenbaum, researcher at the Southern California

Edison (SCE) Company, Rosemead, CA, without whom there would be no project at this

time. Dr. Kerszenbaum is credited with the vision and need to initiate this project and with

the support and funding which made this all possible. I am also indebted to him for

showing an interest in my development by serving on my thesis committee.

This document attempts to show the calculation methods used in the development of

the Synchronous Machine Parameter Recover Program (SMPRP) which this project

produced. This often requires that the history and background material be revisited and

discussed in order to determine the assumptions upon which the original equations were

based. For this reason, the reader may wish to cover only Sections 1, 2.1, 3, 4, 6, 8, and

10, which present the project background and more important calculation procedures. It is

hoped that those with an interest in large synchronous machines will find the entire

document enlightening, so much so in fact that an interest will be sparked to investigate

those shortcomings which are discussed in the conclusion.

DAVID D. HEBERLE

Corvallis, OR

19 August, 1993



Performance and Parameter Prediction

of Large Synchronous Machines

from Physical Dimensions

1. INTRODUCTION

The Southern California Edison (SCE) company has an on-going program of repair

and refurbishment of large generators, synchronous condensers and motors (LSMs) of up to

60 MW rating that operate within its own system and the systems of other west-coast

utilities and companies. The generators are predominantly in hydroelectric applications,

although some higher speed thermal generators are repaired along with large and small

motors of all types. Many of the machines are rather old (some approaching 100 years and

originally designed for 50 HZ operation) and have been, by today's standards, extremely

conservatively rated.

Machines which are taken out of service for routine maintenance or failures are

often refurbished with the result that the characteristics of the machine are changed. In

many cases, improved efficiency is obtained from these older machines through the use of

newer wire insulation. This allows better slot utilization by increasing the percentage of

copper in the slot. In cases where the magnetic circuit is replaced, new lower-loss steels can

be incorporated allowing design changes in the slot area and saturation characteristics.

Under current operation, companies contract to SCE for service to LSMs which have

been damaged, are being refurbished, or are scheduled for maintenance. Where replacement

of the magnetic circuit and/or windings is required, SCE contracts to third-party companies

who provide design details and requirements which SCE then uses in its work. It has been

the experience of SCE that, at times, some of these designs are incomplete or that new

parameter estimates are not provided or included in the contract details. In addition, SCE

has at the current time little means to provide basic design guidelines or to independently

check the information provided by the contracted company.

Other companies and organizations have also expressed a need to redetermine

machine parameters. During the course of this project, a contact with the U.S. Army Corp

of Engineers indicated that there were many generators and synchronous generators under
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their supervision with unavailable or outdated parameters. This included machine

parameters which were lost and/or changed due to machine modifications.

The objective of this project is to provide for SCE a performance prediction

program for LSMs that will enable investigation of these issues in their facility. In addition,

where machine characteristics have been lost due to age, previous modification, or transfer

of ownership, the proposed program will serve to re-establish a performance /parameter data

base.



2. HISTORICAL ASPECTS

2.1 Introduction

3

In 1955, M.E. Talaat published the first of two papers which developed and

presented a set of design equations for the calculation of constants used in the analytical

theory of synchronous machines [1]. This theory expanded on the well known and used

treatise on the subject authored by Kilgore in 1931 [2]. Talaat's justification for re-

examining the work done by Kilgore was the designer's experience of obtaining consistently

lower calculated values of unsaturated reactance than those resulting from tests. The use of

saturation factors then compounded these errors by making the values even lower.

With Talaat's second paper published in 1956 [3], most of the constants of interest

in salient-pole synchronous machine studies were derived, i.e., the direct and quadrature-axis

synchronous reactances, transient reactances, subtransient reactances, and zero-sequence

reactance (the negative sequence reactance having changed little since its introduction). It is

interesting to note that the forms of the equations given by Talaat vary little from the forms

originally presented by Kilgore. This leads one to believe that over the 24 years separating

these authors' work it was only the better understanding of synchronous machines and the

interaction of the stator and rotor electromagnetic fields which justified a re-examination of

the design equations.

The initial research into this project required a considerable review of the available

literature in- order to determine the extent of research and publications on these topics. Due

to the pioneering development of machine theory and the use of different units during this

period, it was often necessary to examine the background material upon which Kilgore's and

Talaat's research were based. This was also deemed necessary in order to understand why

quantities and methods were used when in the current time period this would seem unusual.

A prime example of this being the use of Heaviside's Operational Calculus method upon

which all of Talaat's work is based. It was also at this time that the use of flux constants

was established in order to estimate the flux distribution, the key to machine theory, over

the poles of the machine. It is appropriate, therefore, to include this historical development

in order to tie together the meaning and methods behind these parameter calculations.
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2.2 Synchronous Machine Development

The history of machine development actually begins in the age of Faraday (1791-

1867) when he constructed the first magneto-electric generator now known as a "Faraday

Disk." This eventually led to the production of direct current by Siemens in 1855 through

the invention of the shuttle armature and two-part commutator. These devices were

continually improved through the late 1800's and eventually led up to the present day dc

machines. Alternating current machines, in contrast, had their beginnings after the dc

machine was well developed. The interest in ac machines can probably be traced to the

invention of the ac transformer in 1882 by Gaulard and Gibbs. The ensuing battle between

the dc supporters and ac developers can be read about in many books.

Synchronous machine development made considerable gains during the early 1900's.

In 1918, Doherty and Shirley [4] developed and published the first formulas to calculate

armature inductance. Doherty later followed up this work by co-authoring a publication

with Nick le [5] in 1926 using Blondel's two reaction theory to extend the development of

formulas for the inductance of armature reaction and differential leakage . This included not

only Blondel's resolution of the fundamental m.m.f. into its direct and quadrature axis

components, but also all harmonics present on the stator. This paper also included the very

important derivation of the permeance of the air gap to the fundamental and all harmonics; a

derivation used later by many other researchers for the basis of the synchronous reactance.

At this point in time the two-axis theory was becoming popular in the analysis of

synchronous machines, and although not yet standard, new terminology and methods were

developing. These new theories of transient analysis required new values of machine

reactance. For example, the method of symmetrical components required the negative-

sequence (x2) and zero-sequence (x0) reactances. Also, complete solutions in transient

analysis required the resolution of currents into direct- and quadrature-axis components

themselves requiring reactances in those axes. With these new methods becoming popular,

a need for accurate flux coefficients in the appropriate axes was also established. These

could be produced by test, mathematical analysis, and graphical methods, all of which were

being used at the time. In 1927, Wieseman [6] published a set of flux distribution curves

based on the graphical method in order to show that this was an appropriate technique for

determining the coefficients. As a result, this approach produced a general method of
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determining these values without resorting to a mathematical treatise or a time consuming

test which provided only case-by-case results.

The twenty years of publications prior to 1928 also showed a trend in the

calculation of the leakage reactance from an estimation of the number of leakage lines per

ampere inch of conductor, to the separation of the leakage into several elements. Alger [7]

was the first to use this method by calculating the armature leakage reactance based on the

definitions provided by Doherty and Nickle. This included the definitions of armature

leakage and armature reaction reactance along with the division of leakage reactance into

components consisting of slot, end winding, zig-zag, and belt leakage'. Also in 1928, Park

and Robertson [8] published a survey of the field suggesting a standard notation for the

reactances. This notation, interestingly, is the standard in use today.

The theory up to 1931 was then developing at a fast pace and the method of

analysis was well established. It was apparent though that the majority of the work using

the reactances and time constants of Park and Robinson concerned their use in machine

analysis instead of their actual calculation. In order to address this issue Kilgore published

his work as described in Section 2.1. The novel idea Kilgore advanced was the resolution

of the reactances into components and the application of the concept of superposition

towards their calculation. In this manner he could calculate the induced currents in the field

and related circuits through the application of the law of constant flux linkages.

What Talaat did later was to apply operational calculus methods in the calculation of

the machine reactances. This work was based on the criteria that all resistance and

reactance equations should reduce to induction motor equations when a uniform gap and

continuous damper ring was present. The work upon which Talaat based his transient and

subtransient reactances was provided by Waring and Crary in 1932 [9]. These researchers,

realizing that the work of R.H. Park was far ahead of its application to parameter estimation,

derived general formulas for the important reactances and time constants based on the

operational calculus methods developed by Oliver Heaviside.

It seems that after the publication of Talaat's work in 1955 and 1956 there has been

little activity in the practical calculation of machine parameters from physical dimensions.

A possible reason being the proprietary nature of the work. Also, much time and effort has

been spent on frequency domain methods of determining machine parameters from tests as

' The last two now often referred to as "differential leakage."
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well as through the development of finite-element type algoritms based on machine

configurations [10,11,12,13]. In addition, studies on particular effects can be

easily found, such as is the case with end winding effects [14].

2.3 Units

Any study of magnetics and inductance spanning the initial years of the

development of electromagnetics and electric machinery inevitably results in the question of

which system of units was in use. Unfortunately, during the development of the dynamo-

electric machine in the late 1800's and early 1900's there was no de-facto standard system

of units in use. This subject is covered rather completely by Arthur E. Kennelly, at the time

a professor at Harvard University, who published a series of articles in the Transactions of

the American Institute of Electrical Engineers outlining the history of these units through

this time period up to the final adoption of the M.K.S. (meter, kilogram, second) system in

1935 [15,16,17,18]. As will become apparent later in this thesis, a short history

will be useful since the use of different units to describe the same phenomenon invariably

leads to confusion.

Prior to the time of Hans-Christian Oersted (1777-1851) two different phenomenon

were qualitatively studied in a wholly independent manner. The first being electrostatics

and the second being magnetics. As could be expected, when independent investigation of

these phenomenon was carried out investigators developed separate definitions upon which

to build their theory. The camp studying electrostatics defined a unit of electricity as such:

The unit of electricity is that quantity of electricity with which a very small
body must be charged so that, when placed at a unit distance from a similar
body charged with an equal quantity, the force of repulsion between the two
will be one dyne.

The camp studying magnetics accordingly defined a unit magnetic pole as:

A pole is of unit strength, if when placed at unit distance from a similar
pole, the force of repulsion between the two is one dyne.
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It was not surprising to find that when either theory was worked back to include the

other (i.e., when the electrostatic definition was worked through to find the unit magnetic

pole or visa-versa.) the units did not agree. In fact, it was found that if the practical unit of

electric charge which we use now, the coulomb, was used as a basis, then the

electromagnetic system of units (e.m.u.) differed from the practical system by a tenth, and

from the electrostatic system of units (e.s.u.) by a factor of 109. In particular, one

electromagnetic unit of current was equal to 3.1010 electrostatic units of current [19].

This is summarized below:

1 ampere (practical) = 104 e.m.u. of current

1 ampere (practical) = 3.109 e.s.u. of current

1 e.m.u. of current = 3.1010 e.s.0 of current

It is unfortunate that this situation arose but at the same time it is remarkable that

the science of magnetism made the steps that it did. It must be remembered that during the

time of Andre Marie Ampere (1775-1836) magnetism was considered a fundamental

phenomenon since the structure of the atom was unknown [20]. This was so fully

ingrained that even Clerk Maxwell (1831-1879) based his theories on the unit magnetic

pole, as did Ampere2. We now know that a unit magnetic pole does not exist outside of

mathematics, and that the magnetic phenomenon is due to the movement of electric charges

which themselves are accepted as a fundamental quantity.

With this tacitly in mind, we begin our history of units. During the first half of the

1800's Faraday, Ampere, Weber, and Oersted, used a M.M.S. (millimeter, milligram,

second) system which was directly related to the metric system. During the period from

1863 to 1867, the British Association for the Advancement of Science accepted an M.G.S.

(meter, gram, second) system which was subsequently changed to the C.G.S. (centimeter,

gram, second) system in 1873. This did not occur without objection though and as a result

only the dyne (g.cm/s2) and erg (gcm2 /s2) became its recognized units of force and work

2 This should not be construed as meaning that Ampere and Maxwell did not know at
time of their work that there was a connection between current and magnetism. In fact,
Ampere had advanced the connection between the two by suggesting that the magnetization
of iron may be due to electric currents in its very own structure.
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respectively. In the year 1894, the Committee on "Units and Standards" of the American

Institute of Electrical Engineers (A.I.E.E.) adopted the following C.G.S. units:

mmf in gilberts = 10/4n Ampere-Turns

magnetic flux in webers

reluctance in oersteds

flux density in gausses = 1 weber/cm2

This was done in order to satisfy demands to name all of the units and establish

some sense to the science, however, this did not make an international agreement any easier

to achieve. The fifth International Electrical Congress (I.E.C.) adopted for itself the name

gauss for the field intensity H, and the maxwell for the unit of magnetic flux 4). This then

left the United States at odds with the international community. In addition, it was

customary in America to also use the ampere-turn for mmf, the line for magnetic flux, and

the line per square inch as the unit of flux density.

The state of affairs, which follows, then lasted for an entire three decades during

which the theory of electric machinery was advanced. One, there was a lack of an

international standard for magnetic-unit terminology. Two, there was virtually no agreement

on the definitions of the magnetic quantities on which the units were to be applied. Three,

the issue of rationalizing3 the C.G.S. system was left unaddressed, and four, there was no

agreement on the dimensions of the magnetic permeability p. In fact, it was unknown at the

time if the magnetic permeability should have dimensions at all.

In the time period following this, the Q.E.S. (quadrant, eleventh-gram, second),

M.K.S. (meter, kilogram, second), and the C.G.S.S. (centimeter, gram-seventh, second)

systems were proposed. The only mention of import though was the international

community's recognition of the following eight practical units: the joule, watt, volt, ohm,

amp, coulomb, farad, and henry.

3 Rationalization is the means of eliminating the factor Lin from the unit of mmf. Oliver
Heaviside can be attributed to this issue since it was he who was first annoyed at the
appearance of the term 4n in almost all electromagnetic problems. Interested readers should
consult F. Avcin's "Some Multihomed Dilemmas in the Magnetic Field" (Trans. I.E.E.E.,
Vol 78, Pt I, 1959), a very readable article on this subject.
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The crowning achievement came in 1935 when the M.K.S. system was adopted by

the I.E.C.. The decision that flux density, B, and magnetizing force, H, should be different

was also made indicating that the permeability of free space, po, would become a physical

quantity with units as opposed to a pure numeric. Unfortunately, the issue of rationalizing

the units was again put off in order to maintain support for the M.K.S. system.

In 1954, thirty six countries, including the United States, participated in the General

Conference on Weights and Measures (CPGM) in Paris adopting a rationalized system of

units based on the now four MKSA (meter, kilogram, second, ampere) units. In 1960, at

another meeting of the CPGM, the now familiar abbreviation of "SI" (International System

of Units) was adopted. This leaves us with the rationalized system of units in use today

based on the following seven base units of the SI system [21] and a rationalizing factor

[22]: the meter, kilogram, second, ampere, kelvin, mole, candela, and po = 4n104.
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3. MACHINE REACTANCES

3.1 Reactance Fundamentals

In this section the fundamentals of reactance, inductance, and permeance at a very

basic level are examined. As will become apparent later, an understanding of these

fundamentals allows a better understanding of the methods behind the development of the

reactance formulas used in the calculation of the machine parameters. The benefit of this

approach is that the foundations of the theory are shown very clearly along with all of the

assumptions and conditions implicit in the derivation of the formulas. In layman's terms, it

is difficult to know where one is if one knows not how one arrived there.

At the risk of boring some readers, we begin with the well known fundamental

expression for reactance given by,

X = 27tf L (ohms) (1)

which will be returned to momentarily. The fundamental expression for inductance can be

derived from Lenz's Law4. This relationship defines,

e = -N de (volts)d t (2)

where the negative sign, of course, signifies that the change in voltage opposes the change

creating it. This can be written as,

4 This is not derived in a rigorous manner and, therefore, does not take into account all of
the effects predicted by Maxwell's equations. In the low frequency domain, as we have
here, this is an appropriate derivation and serves to illustrate our point.



e = -N d* di (volts)
di dt

(3)
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Looking at the middle term of Equation 3 alone we recognize that in some

substances, such as air, the flux set up is directly proportional to the current thereby defining

the inductance, L,

di
= constant

= L (henrys)

(4)

When it is not known whether the substance behaves in this manner then a more general

definition is used based on unit current and flux linkages, where the flux linkage is defined

as the total number of lines of flux linking the turns of a coil.

/flux linkages)
I I k unit current (5)

An important concept to point out is that the flux linkage, w, should not be thought of as

the product of turns, N, and flux, 4). Instead is only to be considered a notational symbol.

In concept, it would be less confusing to write this as

* + n202 + n3$3 + + %ON (flux linkages) (6)

which is the notation which will be used in this thesis. It is seen that for a given coil the

inductance is not necessarily a constant but can vary depending on the amount of flux per

unit current set up in a magnetic circuit.

The more familiar form of Equation 3 can be obtained by use of Equation 4

resulting in the well known,



die = L (volts)tit (7)

where the negative sign is implied. Knowing this it is apparent that the inductance we are

so familiar with in electrical engineering is not an absolute value but, rather, is highly

dependent on the material present. For this reason the more general definition given in

Equation 5 is used when deriving machine reactances.

Returning to the subject at hand and substituting Equation 5 into Equation 1 gives,

X = 27cf(/) (ohms)I (8)

12

It is now clear that the reactance is a function of the flux per unit current set up in the

magnetic path. This relationship is the fundamental definition of reactance used in the

derivation of the reactance formulas for machinery.

If we now consider magnetic theory we have the definition that the flux set up in a

circuit results from the product of the m.m.f. and permeance, i.e.,

+ 2' mmf permeance

.. NI P (units dependent on system)

The permeance itself is defined in terms of the permeability of the material, the cross-

sectional area, and its length such that,

P = IA (units dependent on system)
1

(9)

We see then, from Equation 9, that the only method of changing the flux in a magnetic path

with respect to a given mmf is by varying any of the permeance's three variables. Since the
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length and area are fixed quantities in the machine we find that the reactances become a

function solely of the permeability of the steel present in the machine.

Putting all of this together, Equations 5 and 8 define the inductance and reactance

respectively as a function of the flux per unit current. This lays the groundwork for the

concept behind defining and calculating the reactances. It should now be apparent that if

the flux path is restricted through a reduction of permeance the result will be less flux

produced per ampere of currents. The reduction of flux in this manner directly reduces the

reactance.

Applying this concept to electric machines, we find that the rotor provides the

mechanism for changing the permeance of the stator flux paths by reducing the flux in

portions of the magnetic circuit. It is then the definition of each reactance which determines

which component of the rotor circuit is responsible for the change in permeance at the time

of a disturbance.

3.2 Machine Reactance Definitions

In Section 3.1 it was shown that the reactances of a machine in general are functions

of the flux per unit current set up in a machine's magnetic paths. It was also indicated that

the rotor circuit provides the mechanism for changing the flux per unit current in the

magnetic circuit through a change in permeance when saturation is neglected. In this

section it is shown how the permeance of the magnetic circuit is affected and which

physical components of the rotor are responsible for each machine reactance. This again is

also done at a fundamental level in order to clarify the assumptions and conditions in the

theory.

3.2.1 Direct-axis Synchronous Reactance, /(d

The direct-axis synchronous reactance is defined as the case where positive sequence

currents are applied to the stator of the machine and the rotor is rotated mechanically at

synchronous speed with the center line of the pole lined up exactly with the electromotive

5 Saturation of course causes the same effect but is neglected in all calculations in order to
make a solution obtainable.
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force (emf) wave on the stator and the field winding open-circuited. In this configuration,

with the field winding open-circuited, the maximum permeance is present in the flux path

resulting in the maximum flux per ampere set up in the magnetic circuit. The resulting flux

linkages per ampere on the stator used in Equation 8 give the direct axis synchronous

reactance in ohms.

3.2.2 Quadrature -axis Synchronous Reactance, xq

The quadrature-axis synchronous reactance is defined as the case where positive

sequence currents are applied to the stator of the machine and the rotor is rotated

mechanically at synchronous speed with the center line of the pole lined up exactly in

quadrature with the electromotive force (emf) wave on the stator. In this configuration,

with the field circuit open-circuited, the minimum permeance is present in the flux path

resulting in the minimum flux per ampere set up in the magnetic circuit. The resulting flux

linkages per ampere on the stator used in Equation 8 give the quadrature-axis synchronous

reactance in ohms.

3.2.3 Direct-axis Transient Reactance, x'd

The direct-axis transient reactance is defined as the case where positive sequence

currents are applied to the stator and the rotor is rotated mechanically at synchronous speed

with the center line of the pole lined up exactly with the emf wave on the stator. This is the

same condition as for the direct-axis synchronous reactance, however, now the fieldcircuit

is short circuited. This does not effect the flux in the magnetic path since there is no

change in flux occurring in the magnetic circuit.

The following assumptions are made,

1. Only one field winding is present.

2. The rotor iron is laminated, hence, eddy current effects are ignored.

3. The effect of currents in a field collar are ignored.

4. The effect of currents in damper windings are ignored.

5. Saturation is neglected.
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Under these assumptions a step change in current is applied to the stator. The Law

of Constant Flux Linkages initially constrains the flux linking the circuit to a constant value

by inducing a current in the field winding according to Lenz's Law. The field current then

has a flux associated with it which opposes the increase of flux in the pole due to the

transient. The net effect in the magnetic circuit is the same quantity of flux but a higher

stator mmf. This corresponds to a lower permeance in the magnetic path according to

Equation 9. Therefore, less flux is set up per unit of current in the magnetic path at the

instant the transient occurs. The reactance in this situation, according to Equation 8, due to

the new value of flux linkage per ampere is defined as the direct-axis transient reactance6.

3.2.4 Quadrature-axis Transient Reactance, xq

The quadrature-axis transient reactance is defined as the case where positive

sequence currents are applied to the stator of the machine and the rotor is rotated

mechanically at synchronous speed with the center line of the pole lined up exactly in

quadrature with the emf wave on the stator.

The following assumptions are made,

1. Any induced currents in the field winding are neglected.

2. The rotor iron is laminated, hence, eddy current effects are ignored.

3. Saturation is neglected.

Under these assumptions a step change in the stator current is applied to the stator

emf wave. Since the magnetic circuit in the quadrature axis already has a low value of

permeance due to the large air gap the effect on the flux in the circuit is minimal. It is for

6 Another method of qualitatively viewing this event is that since the flux in the circuit
cannot change instantaneously, the permeance of the circuit changes due to the flux being
forced outside of the primary path into leakage paths of lower permeability. This occurs
when the currents induced in the field set up a flux in opposition to that present in the pole.
The net effect is less flux in the pole, but the law of constant flux linkages requires that the
flux remain constant at the instant of the transient, therefore, the difference in flux in the
pole before and after the transient must be travelling in leakage paths which are invariably
of lower permeability. In this manner the average permeability is lower, the flux is lower,
and the reactance is lower.
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this reason that the quadrature-axis transient reactance is commonly set equal to the

quadrature-axis subtransient reactance or direct-axis transient reactance.

3.2.5 Direct-axis Sub-transient Reactance, x'd'

The direct-axis sub-transient reactance is defined as the case where positive

sequence currents are applied to the stator and the rotor is rotated mechanically at

synchronous speed with the center line of the pole lined up exactly with the emf wave on

the stator. This is the same condition as for the direct-axis synchronous reactance, however,

now the field circuit is short-circuited and a short-circuited damper winding is present.

The following assumptions are made,

1. Only one field winding is present.

2. The rotor iron is laminated, hence, eddy current effects are ignored.

3. The effect of currents in a field collar are ignored.

4. Saturation is neglected.

With these assumptions a step change in current is applied to the stator. In the same

manner as in the direct-axis transient reactance case, the Law of Constant Flux Linkages is

used to define the reactance present. In this case though, the damper winding is effectively

in parallel with the field winding. Taking into account the small number of turns in the

damper winding and the close proximity of the damper winding to the stator, this circuit is

much more effective at setting up an opposing flux, therefore, the combined effect of the

damper and field is a permeance of smaller value. The effect of this is an even smaller

reactance than present in the definition of the direct-axis transient reactance.

3.2.6 Quadrature -axis Sub-transient Reactance, x'c'

The quadrature-axis sub-transient reactance is defined as the case where positive

sequence currents are applied to the stator of the machine and the rotor is rotated

mechanically at synchronous speed with the center line of the pole lined up exactly in

quadrature with the emf wave on the stator. This is the same case as in the quadrature-axis



17

synchronous axis, however, the fact that some of the damper windings are physically located

between the direct and quadrature axes, the induced currents have an effect in the quadrature

axis, more-so even when a continuously connected damper winding is present.

The following assumptions are made,

1. Any induced currents in the field winding are neglected.

2. The rotor iron is laminated, hence, eddy current effects are ignored.

3. Saturation is neglected.

Under these assumptions a step change in the stator current is applied to that

producing the stator emf wave. Depending on whether the damper windings are

continuously connected or not some change in permeance will be observed in the quadrature

axis, with the change being more apparent in the first case. The effect of this is a smaller

reactance than present in the definition of the synchronous-axis transient reactance, but a

reactance nevertheless.

These definitions arose from the early days of electric machine analysis and are the

fundamental definitions used to the present date when investigating machinery. It is also

these definitions which explain why the direct- and quadrature-axis equivalent circuits are

drawn as they are when determining the electrical equations of a machine. Interestingly,

these arose out of the analysis of empirical data on machine transient behavior and the need

to associate what was observed in practice with what was physically present in the machine.

3.3 Operational Impedances of the Synchronous Machine

Talaat based his equations for the calculation of the synchronous machine

parameters on the work of Waring and Crary. As discussed in Section 2.2, it was these

researchers who applied the theories of Park to find practical equations based on machine

constants. The basis of Park's work was Oliver Heaviside's Operational Calculus Method

where the operator "p" was substituted for the derivative A . At the time of this work inat

the late 1920's this was considered a novel method of analyzing a machine and allowed

Park to make his coordinate transformations without the mess of carrying derivative signs
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everywhere. Of course, the advancement of the theory since that time has led to the more

common use of the Laplace Domain for modelling where the letter "s" is the preferred

operator, but the basic theory behind the work remains the same.

Without attempting to explain Heaviside's Operational Calculus Method, the

development of the formulas which Talaat uses to find the machine reactances will be

shown for completeness. As will be seen, the method is straightforward and is very similar

to s-domain modelling. It is not the intention here to re-derive the calculations and prove

the math behind them, but instead, to show clearly why the equations have the form that

they do.

In the following work only the notation for the various reactances is changed from

that shown in Waring and Crary's paper. This is appropriate in order to keep the notation

consistent in this work. The equations defined and used by Park remain the same, i.e., the

general expressions relating yr, i, and E in the direct and quadrature axes are:

where,

xq(p) =

xd(P) =

G(p) =

gra = xa(p) iq

*d = xd(p) 1d + G(p) Efd

(10)

q-axis operational impedance

d-axis operational impedance

dimensionless transfer function relating stator flux linkages per

second to field voltage.

3.3.1 Direct Axis Reactances

The machine in the direct axis can be represented as shown in Figure 1. As

explained in Sections 3.2.3 and 3.2.5 the two circuits present on the rotor in this axis are the

field and damper windings. As is always extremely important, the directions of the current

and the resulting polarities of the fluxes produced shown in the figure should be noted. As

an example, the flux due to id will oppose that due to Ifd and I.
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Figure 1. Direct axis representation of the synchronous machine.

Writing the voltage equation for the field circuit and noting the direction of the currents in

each winding,

Vfd Rfd Ifd P *ed

where,

*fd = Xffd I d XfDd IDd Xafdid

Writing the voltage equation for the damper winding,

RDd Ind 41Dd I. 0 ( 14 )

where,

( 12 )

( 13 )

*Da XDDd IDd XaDd id + XfDdifd (15)

19



The other important flux linkage equation is written from the stator side,

*d Xafd 'Ed + ;ad IDd Xd id (16)

20

Solving Equations 12 and 14 simultaneously for Ifd and IDd and substituting the results into

Equation 16 gives the result which can be identified with Equation 11. The work is not

included here because of its involvement but the equation for the operational impedance in

the direct axis becomes,

xd(p) = xd

2 ( s,A a2rd
- 2 XeDdXaDdXafd + Xf fd ;Id +P ((XafdRDd +XaDdRfd)

P ( XmdXffd XtDd) +p (XrckiRfd *XffdRDd) + RDdref

(17)

Equation 17 contains the field and damper circuits in the direct axis. The subtransient

reactance is obtained by setting p=oo which corresponds to tom. Multiplying and dividing

the equation by p then taking the limit as p approaches 0 results in the following equation

for a single phase winding,

s,
4/ = XDDd'afd 2 XfDdXaDd2Cafd + Xf fd d'aDdXd - Xd (e.) = X d 2

XDDdXf fd .411:0d

(18)

In polyphase generators, each of the machine phases responds to fluxes from the rotor.

Taking this effect into account for the number of phases in the machine gives the direct-axis

transient reactance as,



2 2
// XDDd^afcl 2 XfDdXaDd Xafd Xf fd"aDdXd = Xd

2 v
XDDd X! d 'fDd

(19)

21

The transient reactance is also obtained from Equation 17 by noting from Figure 1 that the

damper winding can be eliminated by substituting XDDd=°° then taking the limit as p

approaches 0. The result then being,

LX,:li = Xd ( 00

...1

2
"afd= Xd (20)

This represents the reactance of the single line circuit shown in Figure 1, therefore, taking

into account the number of phases gives,

2
M "afdxd xd -
2 Xrfd

3.3.2 Quadrat-tire Axis Reactances

(21)

The machine in the quadrature axis can be represented as shown in Figure 2. As

explained in Section 3.2 the only circuit present on the rotor in this axis is the damper

winding. As noted in the direct axis case, the directions of the current shown in the figure

are important.

Writing the voltage equation for the damper winding,

IN/Rix + p irD4 0 (22)
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Figure 2. Quadrature axis representation of the synchronous machine.

where,

11134 = XDDII 'DI XaD4141
(23)

The other important flux linkage equation is written from the stator side,

*/ = X xa ic (24)

Substituting Equation 23 into 22 gives,

ID p Xami_
P XDpq + Rtn q

Substituting this into Equation 24 gives,

[*Q = Xq +
xitpq

i4
qP

(25)

(26)

22
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Comparing this with Equation 10 it is apparent that the operational impedance is given by,

X,/ (p) = X
q P XDO42 RD4

(27)

This equation represents the impedance of the quadrature axis rotor circuit referred to the

stator. The equation gives the impedance of the circuit at time t=0 when the substitution

p=00 is made. Dividing the quotient term by p gives,

1, 2
40aclXq(p) Xq

XLIDq

(28)

which gives the result for the subtransient and transient reactance as explained in Section

3.2,

Xqll = Xqi = X ( =I) =X - =-clQ- xDpq
(29)

This operational impedance represents a single phase circuit, therefore, taking into account

the different number of phases gives,

xq - xq = xq (co) = x - m '
2 Xraq

(30)

This gi-es the quadrature-axis transient and subtransient reactance for each parallel winding

in the machine.
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3.3.3 Operational Impedances on a Per Pole Basis

Kilgore and Talaat both carried out their parameter estimations on the assumption

that a machine incorporated a single winding in each phase. This analysis allowed the direct

calculation of the machine reactances based on the entire machine. As appropriate as this

type of construction was in the past, it is not commonly present in today's machines. The

increasing size of generators has required the use of parallel stator winding circuits in order

to maintain acceptable stator voltage levels and flux densities. The effect of this is, in a

sense, to create a set of parallel machines in one stator assembly all sharing a common rotor

structure. This construction technique, of course, may allow circulating currents between

stator parallels, however, the utilization of a careful design producing a balanced set of

windings with equivalent individual sets of parameters acts to minimize this problem.

Talaat's calculation technique must be modified in order to make the process more

general and, hence, applicable to machines with parallel stator windings. The transient and

subtransient calculation methods modified for the three phases wound into the machine

based on the work of Waring and Crary are shown in the previous section. These

operational impedances are derived based on the reactances and currents shown in Figures 1

and 2, and result in final values for the machine reactances, i.e., what is seen at the

terminals of a machine wound with a single three-phase stator winding.

A difficulty with the method arises when the parallels in the stator winding are

considered. In this case, there are a distinct number of poles less than the total number of

poles present on the rotor that are associated with each parallel stator winding at each

instance of time. The referred reactance of this smaller set of poles then contributes to the

total reactance of each parallel set of stator windings which, in turn, must be added in

parallel with each of the other stator winding parallels when determining the reactances seen

at the machine terminals. Fortunately, with careful thought, this does not pose a difficult

problem as the total number of poles present on the rotor can be divided by the number of

stator winding parallels giving the number of poles required in the calculations. The

operational impedance equations used by Talaat then apply to each stator winding parallel.

Unfortunately, this leaves the calculation of the machine time constants as presented by

Waring and Crary in question.
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The solution to this additional problem is to calculate the machine reactances on a

per pole basis. In this manner, the leakage and mutual reactances on the pole are referred

to the stator on a per pole basis whereby the entire reactance of each stator winding parallel

can be obtained by multiplying by the number of poles associated with that parallel circuit.

The time constants, however, do not change when multiplied in this manner, nor do they

change when added in parallel since the ratio of I remains the same. Therefore, the
R

most general case for calculating the reactances and time constants of a machine is achieved

when the calculations are carried out on a per pole basis. The derivation of the values

required in Equations 19, 21, and 29 are carried out in the Appendix to take this into

account.

The final results used in the calculation of the machine's transient and subtransient

reactances are summarized below:

/
Xd

1 M .11v
X1[1 Z

v"aft]
Xad

2

3cd

N.: 1 .m Pap
Z 2 z 3C1 + Xad

XtoriXa2ed 2 XiDdXaDdXafd + XffdX:Dd

XramXffd XtDd

a
// 1 M PPap

x,1 1 + xad xm,

(31)

(32)

(33)
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where the parallel paths are accounted for by the factor 1 , the number of phases by the
Z

term m , and the number of poles present in each parallel circuit by Lv .
2 Z

The synchronous reactances are given exactly as first calculated by Kilgore but also

modified as a result of their being calculated on a per pole basis,

1 Ill Pep
Xd = Pc1+xaci]Z 2 Z

1 P ixx = rn M
a Z 2 L 1

+x
Lai

1

(34)

(35)

The negative sequence reactance is calculated directly from the subtransient reactances and,

therefore, requires no modification,

The calculation methods for the individual reactances are shown in Talaat's papers and as

such are not included here.

3.4 Impedances of the Round Rotor Machine

The impedances of the round rotor machine are not determined through the use of

the operational impedance method as the calculations are based on the work of Kilgore

instead of Talaat. In fact, difficulty in finding more recent information on these calculations

was experienced as was pointed out at the end of Section 2.2. In keeping with the
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guidelines with which this work was authorized and funded, no attempt at deriving new

equations was attempted.

The synchronous reactances are calculated in the same manner as the salient pole

case, however, since the stator of a high speed non-salient pole generator is seldom wound

with parallel stator windings, these corrections are not required. The reactances, therefore,

have the following form,

xd = X1 + Xad

Xc x X1 + Xacz

(37)

(38)

In keeping with the definitions of Section 3.1, the transient reactance is a function of

the stator leakage and what Kilgore refers to as the effective field leakage, xF. This is

defined as the parallel combination of the true field leakage, xp, and the mutual reactance

with the armature, xad. This takes the form,

, I _ XadXF...p
Xad +Xp

where the transient reactance is then given by,

/Xd = X1 + XI"

(39)

(40)

In order to determine the subtransient reactances which by definition are a result of

a damper winding, an equivalent winding must be defined for the round rotor machine

which does not have one in actuality. Kilgore identifies this reactance with the eddy

currents induced in the solid iron body of the rotor and in the wedges formed between the

slots. Using a formula by Steinmetz by assuming a certain flux penetration in the rotor iron,
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Table I Typical Synchronous Machine Reactances in Per Unit.

Turbo- Salient pole Synchronous Synchronous

Generators Generators Condensers Motors

(solid rotor) (with dampers) (general purp.)

low avg high low avg high low avg high low avg high

x, 0.95 1.10 1.45 0.60 1.15 1.45 1.50 1.80 2.20 0.80 1.20 1.50

X 0.92 1.08 1.42 0.40 0.75 1.00 0.95 1.15 1.40 0.60 0.90 1.10

x; 0.12 0.23 0.28 0.20 0.37 0.50 0.30 0.40 0.60 0.25 0.35 0.45

x; 0.12 0.23 0.28 0.40 0.75 1.00 0.95 1.15 1.40 0.60 0.90 1.10

x: 0.07 0.12 0.17 0.13 0.24 0.35 0.18 0.25 0.38 0.20 0.30 0.40

4 0.10 0.15 0.20 0.23 0.34 0.45 0.23 0.30 0.43 0.30 0.40 0.50

x2 0.07 0.12 0.17 0.13 0.24 0.35 0.17 0.24 0.37 0.25 0.35 0.45

x, 0.01 0.10 0.02 0.21 0.03 0.15 0.04 0.27

0.025 0.045 0.012 0.200 0.025 0.070

Kilgore defines an equivalent damper winding specific permeance in each axis. In this

manner, the subtransient reactances can be calculated from the effective damper leakage

reactances, xod' and x&I, from,

Xd = X 1 + Xpd

Xq// = x1 + Xpq

(41)

(42)

The negative sequence reactance is calculated in the same manner as in the salient pole case.

Also, as in the salient pole case, the calculation method for the individual reactances given

above can be found in Kilgore's paper and are not repeated here.
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3.5 Typical Reactances of Large Synchronous Machines

The per unit values of reactances of machines typically fall into certain ranges

irregardless of the size of the machine. Kimbark [23] has compiled information from

several sources giving the typical values encountered. This is included in Table I for

completeness, however, Kimbark's book should be referenced for more complete

information.
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4. MACHINE TIME CONSTANTS

When a three-phase fault occurs on an unloaded synchronous generator, the phase

currents respond in a characteristic manner as shown in Figure 3. The shape of these curves

has been defined to be a direct result of the different reactances defined in Section 3. The

rate of decay to the steady state value is described by the time constant of the machine

which themselves are defined by the reactances and their associated resistances. The time

constants allow a calculation of phase currents following a disturbance at any time of

interest. This is required when the fault currents and response times of circuit relays is to

be determined.

4.1 Time Constant Definitions

The time constants of the machine, as outlined by Anderson [24], are summarized

in the following sections. The use of the data from the Green Peter Reservoir to

troubleshoot the program pointed out a problem with the initial calculation of the time

constants calculated directly from Waring and Crary's paper. As discussed in Section 3.3.3,

Ilii111111111 , ,
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Figure 3. Phase currents following a three-phase fault.
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this problem was resolved by analyzing the equivalent circuit of the machine and calculating

all reactances on a per pole basis. This approach has a direct influence on the time

constants and had not been considered by either Kilgore or Talaat in their analyses.

4.1.1 Direct-axis transient open-circuit time constant, TIdo

This time constant follows directly from the calculation of the direct-axis transient

reactance, K, where the field winding is the only circuit present on the rotor. Its value is

defined for the case where the armature circuit is left in an open-circuited state while a step

change in voltage is applied to the field circuit. This condition results in the response of the

field current to be defined solely by the inductance and resistance of the field winding alone.

There are no other influences and the time constant becomes the ratio of Lf .

R f

4.1.2 Direct-axis transient short-circuit time constant and armature time constant, I'd and ti,

If the open circuit discussion is applied with the armature circuit now shorted, a step

change in voltage in the field will cause currents to flow in both the field and stator

windings. It should be pointed out, however, that since the field circuit rotates with respect

to the stator different effects are observed depending on the case in question, i.e., a direct

current change in the field causes alternating current changes in the armature winding,

whereas a direct current change in the armature causes an alternating current to be induced

in the field winding. This leads to the definition of two distinct and different time

constants,

to - the armature time constant, defines the rate of change of direct current in the

armature.

the direct-axis short-circuit time constant, defines the rate of change of direct

current in the field which also corresponds to the rate of change of the

amplitude of current in the armature.
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Since the direct-axis transient reactance is calculated with the field short-circuited, a

machine that is normally loaded or is experiencing a fault through a finite impedance has an

actual time constant which lies somewhere between the value calculated for tdol and T,'.

4.1.3 Direct-axis subtransient time constants, T',;,) and lid

Machines with damper windings are the only type considered in this paper, therefore,

the subtransient time constant is directly associated with the damper winding. In the round

rotor machine this time constant is associated with induced eddy currents present in the solid

rotor body following a transient event, however, a calculation on this basis is not included

due to its difficulty. The damper winding provides a very low impedance path for induced

currents, therefore, the induced currents are large but decay at very fast rates. As in the

previous cases, the field rotates with respect to the armature causing alternating currents to

be induced in the armature winding. Also, as in the discussion of the direct-axis transient

time constants, the open-circuited and short-circuited armature winding apply to '4,3 and t,

respectively. Their effect on ; are minimal and are ignored.

4.1.4 Quadrature-axis time constants, Tq'o, tiq, 'r'0, and lig'

The time constants in this axis can be identified in the same manner as in the direct-

axis with the exception that Tq'o and eq are undefined since there is no field winding present

in the quadrature axis. In round rotor machines, the quadrature-axis flux has a much higher

permeance than in the salient pole machine which thereby allows an effect from induced

eddy currents. Often then, in the round rotor case, the time constants are associated with xq

and x when they are available, however, the determination of the associated resistances can

be problematic.

4.2 Time Constants of the Salient Pole Synchronous Machine

The salient pole machine time constants are calculated by the equations derived by

Waring and Crary. Noting that the individual reactances were calculated on a per pole

basis, the parallel and series connection of poles has no effect on the time constants as seen
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at the machine terminals since the ratio of L remains the same. It was for this reason
R

that the individual reactances were calculated in this manner. The equations derived by

Waring and Crary give values of time constants in radians. This is converted to seconds by

dividing the result by w. The open and short circuit time constants then have the form,

/I
" do
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/
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t //
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//
" d
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All of which, are calculated directly from the individual per pole reactances defined in

Section 3.3.3.

The equivalent damper bar resistances, RDd and RDq, referred to the stator on a per

pole basis are calculated as follows:

In the direct axis,

Rtd
8 (Nk) 2 rbe

PaP nb (1 -kb)
z

In the quadrature axis with a continuous damper ring,

8 (Nk) 2 rbe
Rix PW nb(l+kb)

z

and in the quadrature axis with a discontinuous damper ring,

8 (NICe) 2
RD2 pse

z

rbe
(nb-1) (1 -kbo)
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(49)

(50)

(51)

where, rbe, is the equivalent resistance of the damper bar including the effect of the end ring.

This is calculated based on the results published by Alger [25]. In other work related to

this, Liwschitz-Garik showed that little error is introduced when this formula is applied to

bars of different shape, i.e., round or rectangular bars [26].

[sinh2 +sin21ro, = idc cosh2 E -cos 2
(52)
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E = hb1,\I 'LAG) ( 53 )

The end result is rbe, the single-bar resistance including end ring effect,

rbe rac tor

The field resistance, rid, referred to the stator on a per pole basis is given by,

4 Ca Nkw, )2 If8PIfd n C1 (4) Nf

(54)

(55)

where rfsp is the appropriate field resistance.

The armature time constant is calculated from the equation given by Say [27]. This

has the form,

1 2 xiilc:1)
6) R. xd + xq

4.3 Time Constants of the Round Rotor Synchronous Machine

(56)

Kilgore's method of analysis for the round rotor machine provided only the open

circuit transient time constant, td'o, the short circuit time constant, td, and the armature time

constant, ;. These are shown below for completeness.
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Table II Typical Synchronous Machine Time Constants in Seconds.

Turbo- Salient pole Synchronous Synchronous

Generators Generators Condensers Motors

(solid rotor) (with dampers) (general purp.)

low avg high low avg high low avg high low avg high

T:10 2.8 5.6 9.2 1.5 5.6 9.5 6.0 9.0 11.5

T; 0.4 1.1 1.8 0.5 1.8 3.3 1.2 2.0 2.8

T1' 0.02 0.035 0.05 0.01 0.035 0.05 0.02 0.035 0.05

; 0.04 0.16 0.35 0.03 0.15 0.25 0.10 0.17 0.30

The open circuit transient time constant is calculated neglecting the damping

currents in the rotor iron, therefore, this is simply,

Lf
ud0 = Rf

(57)

where Rf and Lf are determined as given in Kilgore's paper. The short circuit transient time

constant is given the same as in the salient pole case, Equation 47, whereas, the armature

time constant is given by,

X2
S

a 21 f Ra

4.4 Typical Time Constants of Large Synchronous Machines

(58)

In the same manner as presented in Section 3.5, synchronous machines have typical

values of time constants. A few of these values from Kimbark are included in Table II for

reference.



5. MACHINE MECHANICAL CHARACTERISTICS

5.1 Shaft Stress
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A torsional stress is present in the shaft of the synchronous machine through the

application of the prime mover force on one end and the production of electrical energy on

the opposite end. The amount of force transmitted by the shaft can be calculated based on

the rated output of the machine. In reality, this will yield a minimum value since losses

such as windage and bearing friction are not considered.

The shearing stress can be calculated from [28],

16Mt
a

Dy34
(59)

where Mt is the applied torque. This applied torque can be related to the rat ..d output of the

machine as

with

Mt 2.nn
(H.P.) .12.33,000

n = speed in rpm

H.P. = rated output of machine (machine VA/746)

Dy4 = diameter of shaft in inches

which results in the stress given in lb/in2.

5.2 Per-Unit Inertia Constant

(60)

The calculation of WR2 for the rotor in a synchronous machine proceeds by

resolving the spider structure into elemental shapes [29]. In the case of the salient pole
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machine, the rotor structure is comprised of the shaft, spider, laminated steel rim, and the

poles with their accompanying windings. An example of this can be seen in Figure 22.

Certain simplifying assumptions are made in order to keep the number of measurements to a

minimum, such as a standard spicier configuration with rectangular spokes and a rectangular

pole shape. Since copper has a weight per unit volume higher than steel but is then

surrounded by a relatively light insulation, the average weight per unit volume is taken as

that of steel, with the dimensions of the pole taken as its entire height in one dimension and

the pole dimension plus the winding depth in each of the other dimensions.

The rotor can be resolved into five elemental shapes each giving a WR2 which can

be summed to give the total WR2. Defining these as follows gives

where

2 2 2 2 1 1War Witt + WR2 + WR3 + Wad + R5

Inertia of shaft,

Inertia of shaft collar,

Inertia of spokes,

WRi
2 IT

= P Ly4 DY4432

WIZ? = it P LW (143 1402

( 61 )

( 62 )

( 63 )



wiz? = NypW1T1(2
(.211 ..2)

Inertia of spider rim,

Dy3 [ Dy3 Dy2 Dy3 1 w2
2 2 2 2 )1. 12 -81

IL

P
T n4

WR
2 =

4 -3-2-

Inertia of poles,

p bh(Lp +24(hp +hhy

1(tiv +hh) + 2 [-Df +(h9+hh)]+ 1+2 b1
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(64)

(65)

(66)

When all dimensions are given in inches and p given as weight in lbs per inch squared (p.,e,

= 0.283 lb/in2) then the resulting WR2 is in lbrin squared.

In the case of the round rotor synchronous machine, the rotor is comprised of the

shaft and steel body. If the same assumption concerning the windings are made as in the

previous case, then the resulting structure is made up of only two shapes giving,

where,

wit? = wRf +WRi

Inertia of shaft is the same calculation as in the salient pole case, i.e.,

(67)



Inertia of body,

wizt = -L p it. 44

2 ICWRa p 1,, (Dr D44 4 )
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( 6 8 )

(69)

The inertia constant, H, can also be calculated from WR2 based on the standard

formula,

H
Jam'

2 ikwsecl
Skim k kVA I

When WR2 is in lbfin2 as calculated here, then

1 .603 x10-9(WR2) (RPM)2 / kwsecl
kVA k kVA /

The value (120 0/P can be substituted for RPM.

( 7 0 )

(71)
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6. MACHINE OPERATING CHARACTERISTICS

6.1 Capability Curve

The operating characteristics of the synchronous machine is governed by various

physical limitations. These limitations manifest themselves in the form of the available

input power, the maximum field excitation, the heating limit of the machine windings, and

the characteristics of the system to which the machine is connected. The limits on the

operation of the machine can be determined through the construction of a "capability chart"

x

Figure 4. Standard two-axis vector diagram of the synchronous generator.

which is derived from the standard two-axis vector diagram as shown in Figure 4.

Historically, this method of analysis arose with the establishment of the two-axis machine

theory and the use of the circle diagram.

In 1943, Szwander [30] published results offering guidelines concerning the

selection of values of synchronous reactance, VA rating, and desired power factor through

an analysis of a machine's capability chart. The only machines considered though were the

round rotor type. Walker [31] later expanded on this theory by applying this method of

analysis to the salient pole machine. The difference being that the separate values of

synchronous reactance in the direct and quadrature axes added a "saliency" circle to the
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x

Figure 5. Current vector diagram of the round rotor generator.

diagram. Further work to this analysis was added in 1965 by Gove [32] with the research

this time applying to the stability limits of the machine in the underexcited region of

generator operation. Unfortunately, in the case of this program and the machines under

consideration, this region is not normally approachable. This is due to the fact that the

machine's field excitation system must be specifically designed to provide negative current;

a feature seldom available in older generators.

These publications and others [22,33] thoroughly treat the subject of the capability

chart, its construction, and the meaning behind its many aspects, therefore, only the basics

will be covered herein. A comparison of Figures 5 and 6 indicates that the salient pole

vector diagram shown in the latter is the more general case, i.e., when Xq approaches the

value of Xd, as in the round rotor machine, the round rotor vector diagram results.

Therefore, the calculation of the values for determining the capability curve will be derived

from the salient pole vector diagram. In all of the following discussions these assumptions

are made:

1. The machine is a generator.

2. The machine is operating in a steady state mode.

3. Saturation is neglected.

4. Resistive losses are ignored.
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The quantity to determine is the full load excitation level at at rated power
Xd

factor, which is then maintained constant as the power angle, 8, decreases from its rated

power factor value to zero. This traces out a curve known as a limacon as the tail traces

along the saliency circle. The limacon then represents the upper limit of the field excitation

y

X
4

I

Figure 6. Current vector diagram of the salient pole machine.

which, in a well designed machine, is equivalent to the heating limit of the field winding.

This is hereafter referred to as the "field limit". The curve at the rated power factor

represents the rated mechanical power for which the machine was designed. At this point, a

line perpendicular to the y axis and intersecting the limacon can be drawn out. This curve

is referred to as the "stator limit". The leftmost portion of the curve, representing an
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underexcited generator, is dependent on the stability limit imposed by the system to which

the machine is connected. This portion is referred to as the "steady-state stability limit".

A few general notes on the capability curve just described are in order:

1. The field limit traced out by the limacon is actually a function of the heating

limit of the field winding. If additional cooling is available then this limit

can be exceeded, however, this may push the machine into highly saturated

region where the gain in output VA may not be justified.

2. If the machine is operated at unity power factor it may be possible to exceed

the designed stator limit imposed by the rated power factor. This would

require that additional input power be available and that the mechanical

components be able to withstand the higher power transfer demands. Also,

additional cooling must be provided as the rated temperature design limits

may be exceeded.

3. The graph has a mirror image about the x-axis which represents the steady

state characteristics of the generator operating as a motor. This region

would apply in the case of the generator acting as a synchronous condenser,

and all of the operating limits would apply in the same manner as described

for the generator.

4. The same method of development and qualitative discussion applies to the

round rotor machine. The difference being that the limacon produced in the

salient pole derivation becomes an arc of a circle as the diameter of the

saliency circle reduces to zero.

The form of the capability curve requested by SCE for the project is different than

would be obtained from Figure 6 [34]. This alternative form shown in Figure 7, and

hereafter referred to as the "modified capability curve", is calculated by the following

method. Note that this figure is scaled in real power, Watts, along the x-axis and imaginary

power, Vars, along the y-axis. In comparison to the current-vector diagrams shown in
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Figure 7. Modified capability curve provided by SCE.

WATTS

Figures 5 and 6 the currents are multiplied by the base voltage resulting in E2 terms and a

diagram representing power.

As noted previously, the quantity to determine is the full load excitation level

Ea , which is represented by Eo in the power vector diagram shown in Figure 8.
Xd Xd

It can be found from a trigonometric analysis that,

= (-4,Ed* + E2(-1-1-)cos (8)
Xq Xd

45

( 7 2 )
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Figure 8. Diagram used in the calculation of the modified capability curve.
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at all values of 5 between the rated power factor and the y axis (5=4, rated The

term,

E

(1 1
Xq Xd

giving the diameter of the saliency circle.

(73)

The value of ( Eo can be determined from Equation 72 if the angle 8 and the
Xd

distance r are known at the rated power factor with full load excitation. The angle can be

determined from the figure as,

tan (8)
2X +VA sin+

VA cos*

by taking the arctan and then substituting the result into,

VA cos+
sin,

(74)

(75)

all at the rated power factor, kated. This allows a solution of Equation 72 for ( Eo
Xd

which can then be placed back into the same equation to calculate the distance r for each

value of S. This results in the following calculation method,

1. Calculate 8 from Equation 74.
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2. Calculate r from Equation 75.

3. Calculate ( El* by rearranging Equation 72.
Xd

4. Determine the distance r from point C in Figure 8 by use of Equation 72 as

5=0-446-at rated power factor ^

5. Transform the resulting value of r into x-y coordinates using,

x = r sin (8) (76)

y = r 'cos (6) (77)

6. Subtract the value E2 from the y value to change the plot origin to the
Xa

point A of Figure 8.

The stator limit of the modified capability curve shown on the right of Figure 7 can

be obtained simply by drawing an arc from -1-0 to the intersection with the steady-state

stability limit using the constant volt-ampere value, VA, obtained at rated power factor.

This plots a unity power factor curve which exceeds the rated, designed for, power output,

however, this form of curve was requested and is provided with the understanding that the

curve does not follow the design guidelines.

When implemented on a computer, the radius of the stator limit curve to be plotted

is determined from the values stored in the arrays generated for the field limit curve

previously calculated. The use of the calculated values to determine the radius of the arc

eliminates a possible mismatch at the junction of the two curves due to the computer's finite

word length. Otherwise, this could simply be calculated from the given voltage, V, and

current, I. An array of values can then be generated by equations in the same form as

Equations 76 and 77. This approach automatically has an origin at A of Figure 8.
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The lower limit of the curve giving the stability margin of the machine is calculated

as provided by SCE. This limit is given by,

radius of arc = E2 _L+ 1
2Xd 2X,

VARS

I

h\\
I 13 \

E2C2X: 2X p! \r r Stator Limit

1
\ /

sH<°)\\ x1
WATTS

)c.....'

\ 1

r sirtIcl i --.. \ I

1

I

----..,,
--...

i

I

IL Steady-State

Stability Limit

(78)

Figure 9. Definition of the angles a and 0 for the calculation of the intersection of the

field limit curve with the steady-state stability limit curve.
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where X, is the system equivalent reactance as seen from the generator terminals. The

origin of the arc is given by the coordinates,

(0 ' E2[1 -L)2X, 2Xd

The difficulty here, is to find the intersection of the field limit curve and the steady-

state stability limit curve. In order to simplify the task, the construction of the stator limit

curve is broken into two tasks. The section from +4) to the x-axis is plotted as an arc of

length v3r--V.14, as previously described and calculated. The angle to which the arc is

calculated below the x-axis is obtained by comparing the defined length of the steady-state

stability limit given in Equation 78 to the constructed length from the projection of the x

and y components of the stator limit curve. This is best seen in Figure 9 where the angles

a and p. have been defined. It is then a matter of comparing the defined distance r° with the

constructed distance from the pythagorean theorem, i.e., as the angle alpha, a, is increased

the following equation is tested until it is true,

(z cosa) 2 + [E2 (2X_2X,
1

2 Xd

2

+ (r sins)) > (I')2 (79)

This defines the angle a below the x axis as the lower extreme of the stator limit curve.

The steady-state stability curve is then generated by using r' and decreasing the angle 13 until

the y-axis is reached. The algorithm is as follows:

1. An array containing the points describing the stator limit curve is calculated

from the power factor angle, 4), to the x-axis.

2. The length of the arc describing the steady-state stability limit curve, r' in

Figure 9, is found from Equation 78.
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3. Equation 79 is tested as the angle a is increased. The vectors are described by

magnitude only, therefore, paying heed to sign convention, the angle a can be

increased in a positive direction for simplicity.

4. Angle a is found from step 3 and the lower portion of the stator limit curve is

constructed from the x-axis to the angle -a.

5. The angle 0 is calculated for the last location of the stator limit curve through

the equation,

tan 13 x
E2(

2X
1 _ 1 ) + Ir Sinai

2Xd
(80)

which is derived from Figure 9. The value x is given by the last x value

describing the stator limit curve.

6. The angle 0 is decreased to the x axis tracing out the steady state stability limit

curve

It should be obvious that this method is valid if and only if an intersection of the

stator limit curve and the steady state stability limit curve is present. This leads to the

question of when an intersection is present. Figure 9 scaled in per unit would take on the

form shown in figure 10. The astute reader will recognize that since both the origin and

length of the arc describing the steady state stability limit curve are functions of the

equivalent system reactance, Xe, this term has no influence on the intersection point.

Furthermore, since the stator limit curve has a radius of 1.0 per unit (pu), the distance below

the x-axis that the stator limit curve would intersect the y-axis would be 1.0. This leads to

the conclusion that for an intersection of the stator limit curve and steady state stability limit

curve to be present, the SCR must have a value less than 1.0 pu.

The significance of this is that a machine with an SCR > 1.0 pu is inherently stable,

i.e., the lower stability limit is not defined by the system to which the machine is connected,

but rather by the characteristics of its own field excitation system. This is often the case in

salient pole machines. Round rotor machines, on the other hand, typically fall into the
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Figure 10. Stator limit curve and steady state stability limit curve on a per unit scale

showing intersection. Radius of vector r, the stator limit, is 1.0 pu.

opposite category where the presence of an SCR < 1.0 pu defines the lower limit. It would

be entirely possible in this case to excite the field of the machine in a manner which causes

instability due to the characteristics of the system to which it is connected.

The form of the final capability curve based on the discussion above becomes a

function of the machine's SCR. In the case of an SCR > 1.0 pu, the lower portion of the

steady state stability limit curve is not calculated as operation of the generator in this region

is limited by the machine's excitation system. With an SCR < 1.0 pu the curve can be

drawn based on a system equivalent reactance, Xe, as seen at the machine terminals. It is
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further pointed out that Xe typically varies between 0.2 pu to 0.4 pu for geographically

spread-out to geographically compact systems, respectively.

6.2 Saturation Curve

The saturation curve gives a graphical representation of a machine's open circuit

voltage as a function of the magnitude of field current. It should be clear that the field

current of a synchronous machine in generation mode sets up a definite quantity of flux in

the magnetic circuit which thereby becomes the mechanism by which an output voltage in

the armature winding is generated as the field assembly rotates. The magnetic circuit of the

salient pole machine, as seen in Figure 11, consists of a pair of poles, the air gap, the

armature teeth, the armature yoke or back iron, and the field yoke.

There are two methods available to determine this relationship between the open

circuit voltage and the field current. The first, and the one chosen in this section, is to

determine the total flux per pole required to generate the open-circuit rated voltage of the

machine. This value can then be used to determine the flux density in each component of

the magnetic circuit. The ampere-turns per inch required to produce this flux density can

then be determined from the B-H curve describing the magnetic behavior of the material

comprising the magnetic circuit (typically silicon steel laminations). Once this is done for

each component of the magnetic circuit the total ampere-turns can be determined from the

sum of the individual components.

The second method is to assign a value of amperes flowing in the field winding by

which the ampere turns per pole can be determined from the number of turns on a pole.

However, the amount of flux flowing in the magnetic circuit is not simply the product of

this quantity of ampere-turns and the permeance of the pole. The ampere-turns so calculated

must be distributed over the entire magnetic circuit whereby the total flux becomes a

function of the permeability of each section of the circuit. As is well known in magnetic

theory, the permeability of a magnetic circuit comprised of magnetic materials is highly

non-linear as evidenced by the B-H curve. The procedure for finding the actual flux per

pole produced, and hence the generated voltage, becomes an iterative process where the

ampere-turns are distributed over the individual circuit components and the flux is

determined using the cross-sectional area of each component. The B-H curve must be

continually consulted until the ampere turns are distributed in such a way that the flux in
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Figure 11. Magnetic path of flux used in the determination of the open-circuit

saturation curve.
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each component of the magnetic circuit is equal. Only at this point can the generated open-

circuit voltage be calculated. Indeed, it should be apparent that this calculation method and

the coding required in its implementation would be overwhelming compared to the former

method, especially so when it is obvious that both methods must result in identical answers!

It is for this reason that the first method is chosen as described forthwith.

The generated voltage in a winding experiencing a varying flux is given by the well

recognized definition,

Vamm = N dt (81)

If the flux is assumed to vary sinusoidally (a correction for this will be introduced later)

then this equation becomes,

VPha" N c-11[ 4)P
sin (4)t)] (82)

Vie = Nk,w cos (ca t) (83)

Equation 83 can be converted to a more useful form by calculating the RMS value of the

sinusoidal function from,

f1 cos' t) dt
o

resulting in,
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VphaBe_rms N (Op

V2-

Note that Equation 84 is often seen in the familiar form,
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(84)

emf ra, 4 . 44Nticwf Sp 10-8 (volts) (85)

which is obtained when Op is given in lines (maxwells) and w has been substituted as 2n-f.

The voltage, Vphase_rms, in Equation 84 is the voltage per phase generated by a

sinusoidally distributed flux of peak magnitude 4 as the poles traverse the winding. This is

an important concept which must be grasped as it is this flux which the field current must

produce. The number of turns, N, seen in Equation 84 are the turns in the armature winding

which link this flux and hence experience an induced voltage. Accordingly, in a double

layer winding with parallel stator circuits the following is true,

N
N °

N
tc

m Z

where the winding factor, kw, has been included resulting in,

1181It 1
V wp tophase -ma M Z

(86)

(87)

A further term, the design voltage, can be introduced to allow the direct calculation

of the flux per pole required to generate the open-circuit rated voltage. Since this term is

generally given on the nameplate as the machine's rated line-to-line voltage, VLL, the

relationship,



can be used resulting in ,
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Vu, = iSVphase (88)

Via,
N Nt,

4 mz 1(.4)1'6) (89)

The total flux per pole can now be calculated based on any desired open-circuit output line-

to-line voltage.

In deriving Equation 89 it was assumed that the field coil produced a sinusoidally

distributed flux. In actual practice this is not the case. The field pole is shaped such that

the flux produced in the air gap over the pole has a marked flatness. Since a sinusoidally

shaped flux wave of a given peak value induces a higher value of voltage in a winding than

a flat topped wave of the same peak value, it is appropriate to account for this reduction of

voltage in Equation 89. Wieseman defined the flux constant ke for this purpose and has

graphically represented this reduction factor based on flux plots of different pole shapes.

Including this in Equation 89 and defining the units of flux to be used in the equation as

lines (maxwells) gives the final generated voltage equation,

N N,
VII, = -- 2 is f voltsif (90)

In summary, Equation 90 can be rearranged to give the flux per pole required to generate a

desired line-to-line terminal voltage on open circuit. The resulting flux per pole, Op, is used

to calculate the ampere-turns consumed in each portion of the magnetic circuit with the sum

of these giving the total ampere-turns required from the field winding.

An important note is appropriate at this point. In the derivation of Equation 90 it

has been repeatedly stated that Op gives the peak value of flux per pole required to generate

a desired open-circuit voltage. This is an important concept which should not be
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Figure 12.12. Representative B-H curves from data supplied from Armco for non-oriented

M-15 and M-19 steels.

overlooked. The number of turns calculated in Equation 86 represents the total turns in

series generating the output voltage. It may, therefore, be assumed that since there are a

definite number of poles associated with those turns, each pole puts out an equivalent

fraction of 4)p, i.e. A 441 . THIS IS INVARIABLY
vpole poles associated with N turns

INCORRECT and is a mistake which cannot be overstressed! No matter how many poles

are associated with the turns N, each turn must link the flux given by Op. If there happen to

be one turn for each pole in the machine, then each pole must produce a flux of Or

The foregoing discussion is included because the calculation of the flux density in

the air gap and armature teeth is most readily carried out by defining a hypothetical total

flux, (1) in the machine based on the equation,

40t=Pep.p (91)



which may not seem obvious at first.

The following method of calculating the total ampere-turns required in the magnetic

circuit of the salient pole machine to produce the desired flux is based on the work of

Kuhlmann [35]. In each portion of the magnetic circuit seen in Figure 11 the flux density

is determined from the ratio of the flux flowing through a cross-sectional area, i.e.,

flux /lines \B
cross-sectional area I in' I
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(92)

This value of flux density is used to determine the ampere-turns per inch from the B-H

curve of the material (except for the air gap of course). The final value of ampere-turns

required in the specific portion of the magnetic circuit is then determined by multiplying by

the length of the flux path,

Ampere-Thins ampere- turns,a
inch

length of flux path (inch)

( 93 )

If this is unclear at this point it should become clear as the equations are shown.

The B-H curves of a material are typically supplied by the manufacturer on a

logarithmic plot scaled in any of a number of units. Figure 12 shows a typical set of these

curves as supplied for an electrical steel after converting the units and placing on a linear

scale. As noted above, the data for this graph was originally supplied on a logarithmic scale

with the units of Kilogausses for flux density, B, and Oersteds for magnetizing force, H.

The conversion factors used were supplied by the manufacturer as,

kilolines = kilogausses 6.45 (94)
inch2
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ampere-turns Oersteds 2.02 (95)
inch

The total ampere-turns per pole for no-load and normal voltage is given by,

ATP° = ATg + ATt + ATya + ATg, + ATyf (96)

where the ampere-turns for the air gap is calculated from the flux density given by,

and the air gap ampere-turns, ATg, from,

ATg
2 3.2

(97)

(98)

The unusual form of Equation 98 can be derived from the definition of flux as the product

of mmf and permeance, i.e.,

= mmf permeance (99)

= AT V--A

therefore,

(100)
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AT = .1 (101)
pA

Furthermore, as discussed in Section 2.3, if the permeability of free space is taken equal to

one, i.e., g = 1, then the relationship between flux in the e.m.u. system and ampere-turns in

the American system is given by 10/47t resulting in,

AT 104)1

4 n A
(102)

which when converted from cm units to inch units and substituting for the flux density B

gives,

B1 (cm) 1
2 .54cm/ B1

in \

AT =
0.4n 3.19...

(103)

The relationship to Equation 98 should be apparent.

The calculation of the flux density in the armature teeth requires the assumption that

all of the flux crossing the air gap flows entirely through the teeth bypassing the slots. In

addition, since parallel sided slots are employed in the construction of large synchronous

machines, the tooth width varies down its radial length (or depth depending on how one

views the tooth). This is accounted for by assuming that the equivalent cross-sectional area

of the entire tooth is that area present 1/3 of the distance down the tooth from the armature

bore surface. This distance can be calculated from a proportional relationship based on

machine measurements as,

Wt3 (104)



with the flux density given as,

Bt3 Ot
wt3(L, -N,,,b,) kiN,
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(105)

where k1 is introduced as a stacking factor which varies from 0.90 to 0.93 due to the

lamination surfaces, the latter being valid for silicon steel. With this result the ampere-turns

per inch, ate, for the steel of interest is read from the B-H curve and the ampere-turns, AT

are determined from the product of this with the radial length of the tooth,

ATt = att (hi + h2) ( 106 )

The flux density in the armature yoke or the back iron is given by,

Op
aBy (L, -N,,b,) dya kl

(107)

where it should be noted that the flux per pole, Op, is now used instead of the hypothetical

total flux, Ot. This is done as it is simpler to define and quantify the length of the flux path,

which in machine dimensions can be calculated as,

Lya
-

2 Pip
D, +2 (hi +h2) + dr, (108)

Again, the ampere-turns per inch for the back iron are read from the B-H curve and the final

value of ampere-turns, ATy, are calculated from,

ATya .. atya Lya (109)
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The calculation of the flux density in the pole is complicated by the fact that the field

leakage should be included. As noted by Kuhlmann, the flux present in the poles is the sum

of the useful flux and the leakage flux. Kuhlmann has calculated approximate formulas for

this leakage flux which are shown below using the machine dimension variables used in this

work,

+1 = Xat (+11 + +12 + +13 + +14)

'Cat = ATg + ATt + ATy,

tii = 13 Lhhhdt

(110)

(112)

+12 = 19 hb 10g10(1 + 124: ) (113)

+13 = 6 . 5 1--.12-

db
(114)

+14 = 9 5 hplogio(1 + !LED ) ( 115 )
2 db

where the distances dt and db can be calculated from,

it (Da 2 %dm 2 NO P,pbb
Pim

(116)



db
it (D. 2 gmin 2 hh -lip) Po bp

Pm

The flux density in the pole body is then given by,

where,

A
B --2

P LP bP

411A = 1 + =
Tp
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(117)

(118)

(119)

With the value of flux density calculated in Equation 118, the ampere-turns per inch, atp, are

read from the B-H curve and the total ampere-turns for the pole, ATp, are calculated from,

ATp = atp (hp +hi) (120)

The flux density in the field yoke is calculated as,

B Yf = ----1)P--Lyt (Dyi 'Dv )
(121)

and as before, the total ampere-turns, ATyf, result after consulting the B-H curve and

calculating,
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TED
ATYf = at

Y
c̀(--Y, (122)

2 P,p

The final value of ampere-turns, ATP°, are calculated from Equation 96 and the

resulting field amperes required are obtained directly by dividing this result by the number

of field turns on a pole. In addition, a complete curve can be obtained by selecting values

of open-circuit output voltage which defines the flux per pole whereby the corresponding

field current can be calculated.
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7. PROGRAM DESCRIPTION

The program developed to calculate the electrical, mechanical, and performance

characteristics of large synchronous machines as described in this work has been named the

Synchronous Machine Parameter Recovery Program (SMPRP). This research and

development was funded by the Southern California Edison Company Research Center

located in Irwindale, California, through a research contract at Oregon State University

(OSU). Early in its development it was decided that the program should be written in

standard FORTRAN 77 to run under real mode 640K DOS on a personal computer. In

addition, the program was requested to have an interactive user interface providing for

simple data entry and analysis. Permission was provided to allow the theory and logic of

the prediction/analysis process to be published in this thesis under the provision that the

code not be included. Also under these provisions, permission was provided to OSU to use

the program for educational purposes.

A FORTRAN compiler to be used for program development was purchased after

contacting several software suppliers. The packages considered included Microsoft

FORTRAN v5.1, Lahey F77L 5.0, and Watcom FORTRAN 77 v9.0, with all suppliers

offering educational discounts. The Watcom FORTRAN 77 v9.0 package was chosen due

to its price and features. This was also the only compiler which offered comprehensive

cross-platform development in the same package. This included a DOS real mode compiler,

OS/2 32 bit compiler, MS Windows compiler, and support for extended memory drivers

(although not provided). In addition, a full symbolic debugger, profiler, and make facility

were included.

Two software packages were considered for the requested input/output interface.

This included INTERACTER from Interactive Software Services [36] and HI-SCREEN

Pro II from Softway [37], both of whom provided educational discounts. The prime

difference between the packages being that INTERACTER provided a set of libraries while

HI-SCREEN Pro II loaded as a terminate and stay resident (TSR) program. The

INTERACTER package was chosen as it was believed to be more flexible.

As stated previously, the coding for the program was chosen to be in standard

FORTRAN 77. This requirement could not, of course, be met if an interactive program was

to be developed. This is due to the fact that the FORTRAN language maintains portability

and standardization through standard read and write statements. In spite of this, the
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interactive nature of the program was determined to be the most important criteria

notwithstanding, of course, the accurate calculation of the quantities of interest. Fortunately,

the use of the INTERACTER libraries does not change the readability of the program since

all windowing routines are done through the standard subroutine calls or function

statements. In addition, all variables used in the INTERACTER libraries adhere to the

intrinsic variable naming and length standards of FORTRAN 77. The end result of this

package combination is a user friendly program at the expense of additional lines of

standard FORTRAN 77 code, where the coding in the libraries is not of concern.

Also as stated previously, the SMPRP executable is compiled and supplied as a DOS

real mode program. Current computer operating system wars have, unfortunately, only

established the fact that DOS is a standard by which all future operating systems must be

compatible. It would appear, therefore, that in the future computers will have the ability to

run DOS programs making this platform a sound choice.

7.1 Flowchart

Figures 13 through 15 show the general program flow used in SMPRP.

7.2 Input/output Format

Input to the program is provided by the user through menus in SMPRP pertaining to

each component of the machine. This was broken down into six parts for the salient pole

machine and five parts for the non-salient pole machine. A data collection form for the

salient pole case was provided with sections for nameplate data, pole dimensions, damper

dimensions, stator dimensions, stator winding dimensions, and spider dimensions. The non-

salient pole machine uses the same form but includes a different data collection sheet for the

pole dimensions due to the different rotor structure. It also does not include the spider

dimension sheet for obvious reasons. The preliminary set of data collection sheets used

during program development can be seen in Appendix I and includes information collected

from the Green Peter Unit 1 generator described in Section 7. Each sheet of the data

collection form then corresponds to data entry in a different interactively opened window in

SMPRP.
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After data entry is completed the user has the choice of viewing the electrical

characteristics, mechanical data, or any of the performance curves described in Section 6.

The entered information can also be saved in order to be printed or loaded into the program

at another time. Each window displaying output data also allows the user to save the

information in a text file which can then be printed or analyzed. This form of output was

preferred as the data could then be manipulated in a spreadsheet or included in a document

with minimal effort. It is also readable if printed as saved. Examples of the output text

files can be seen in Tables III through V in Section 8. These were imported to this

document directly as saved by SMPRP.



8. TEST CASE

8.1 Green Peter Reservoir
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In June, 1993, the advisor and the author were allowed to visit the Green Peter Dam

to make measurements on a generator disassembled for service. The dam, located on the

Middle Fork of the Santiam River approximately ten miles east of Sweet Home on Oregon

Highway 20, is used primarily for river flow control. Completed in the 1960's, it houses

Table III Machine electrical parameters predicted by SMPRP.

MACHINE ELECTRICAL CHARACTERISTICS: GREEN PETER #1

Manufacturer : WESTINGHOUSE

42105 KVA 13800 Volts

1763 Amps 0.95 PF

REACTANCES IN PER UNIT

Direct Axis Quadrature Axis

Armature Xd = 1.019 Xq = 0.621

Transient Xd' = 0.348 Xq' = 0.589

Subtransient Xd" = 0.324 Xq" = 0.589

Zero Sequence Xo = 0.4432

Negative Sequence Reactance X2 = 0.4369

Negative Sequence Resistance R2 = 0.0028

Short Circuit Ratio: SCR = 0.98

TIME CONSTANTS IN SECONDS

Direct Axis

Short Circuit Open Circuit

Transient Td' = 2.038 Tdo' = 5.971

Subtransient Td" = 0.123 Tdo" = 0.132

Quadrature Axis

Subtransient Tq" = 0.020 rap" = 0.021

Armature Ta = 0.148



three generators and is operated by the

Army Corps of Engineers providing utility

power generation when sufficient water

flow is available.

The three generators consist of a

1.5 MW unit manufactured by General

Electric and two 40 MW generators

manufactured by Westinghouse. Installed

in 1968, the two 40 MW units, Unit 1 and

Unit 2, are identical in construction. Unit

1, however, has suffered three stator

winding failures since its installation. The

most recent failures occurring in early

1993, the first being an insulation failure on

a top coil side during operation, and the

second occurring on the bottom coil side in

the same slot during testing of the previous

repair. Unfortunately, a close inspection of

the windings in the affected area revealed

no damage prior to the third failure.

At the time of our visit the unit was

entirely disassembled providing access to

all parts required for measurement. In

addition, the machine reactances and time

constants were available from initial tests,

and the machine had not been modified

since its installation. This data was used

primarily to troubleshoot the program as the

machine data sheet was believed to be

reasonably accurate.

Appendix I contains photocopies of

the actual data sheets used in the

measurement of the machine. These data

Table IV Capability curve data

predicted by SMPRP.
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CAPABILITY CURVE: GREEN PETER 41

Manufacturer WESTINGHOUSE

42105 OVA 13800 Volts

1763 AMP. 0.95 PF

Short Circuit Ratio: SCR . 0.98 p.u.

Syetem Equivalent Reactance, Be = 0.40 p.u.

Watts NYAR8

0.000000 25.260612

2.248852 25.225700

4.495269 25.120987

6.736819 24.946632

8.971080 24.702873

11.195640 24.390030

13.408102 24.008537

15.606094 23.558907

17.787266 23.041756

19.949291 22.457771

22.089882 21.807755

24.206778 21.092575

26.297762 20.313203

28.360664 19.470680

30.393353 18.566139

32.393749 17.600777

34.359833 16.575905

36.289623 15.492874

38.181217 14.353111

40.032768 13.158142

40.430367 11.880434

40.787193 10.590752

41.102894 9.290389

41.377148 7.980659

41.609676 6.662882

41.800251 5.338386

41.948673 4.008506

42.054798 2.674585

42.118511 1.337967

/2.139759 0.000000

41.799126 -5.347177

40.782738 -10.607907

39.107021 15.697142

36.799068 -20.532602

33.896194 -25.036119

30.445328 -29.134882

26.502256 - 33.762627

22.130732 -35.860703

17.401421 -38.379028

12.390787 -40.276886

11.775746 -40.373154

11.160935 -40.470497

10.545321 -40.562614

9.928946 -40.649506

9.311857 -40.731163

8.694097 -40.807579

8.075709 -40.878750

7.456741 -40.944668

6.637235 -41.005329

6.217237 -41.060734

5.596790 -41.110870

4.975940 -41.155743

4.354732 -41.195339

3.733211 -41.229664

3.111420 -41.258713

2.489405 -41.282482

1.867211 -41.300972

1.244882 -41.314178

0.622463 -41.322102

0.000000 -41.324745



sheets were the first attempt at data Table V Saturation curve data predicted

collection and have since been improved by SMPRP.

upon by incorporating additional

measurements not originally included. SATURATION CURVE: GREEN PETER #1

In final form they are also typed. They

are included here in order to show the Manufacturer : WESTINGHOUSE

data input and type of measurements
42105 KVA 13800 Volts

made.
1763 Amps 0.95 PF

In measuring the machine

several problems with determining

values became apparent. Of note is the

problem which occurs in determining the

air gap length. With the rotor removed

it is required to build up a measurement

of the diameter of the rotor to the pole

center. This dimension was constructed

from several other measurements. These

included a measurement of a diameter

near the hub of the machine, a

measurement from the hub to the spider

rim, a measurement of the spider rim

itself, and finally a measurement from a

pole base to its face. This rotor

diameter had to then be subtracted from

the measured diameter of the stator bore,

which is in itself an error prone

74

Type of steel:

Field current

M-15

Open circuit

voltage

0.00 0.00

20.16 1380.00

40.32 2760.00

60.48 4140.00

80.62 5520.00

100.77 6900.00

120.96 8280.00

141.43 9660.00

163.40 11040.00

199.34 12420.00

268.32 13800.00

383.49 15180.00

499.49 16560.00

620.40 17940.00

752.58 19320.00

901.08 20700.00

calculation (a small number determined

from the difference between two large numbers). This of course could entail considerable

error if the measurements were not carried out carefully, therefore, care was taken to

measure these parts as accurately as possible. In spite of this though, the confidence in this

dimension cannot be too high. This is unfortunate as the air gap length is a very important

quantity and, since it is used directly in the calculation of the armature reactance including

the flux constants, it finds its way into all of the electrical parameter calculations.
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CUSTOMER

0. 0. PO-71100 S 0 70-P-900 SERIAL 1S70 P5°1 CUST. UN IT 1 DATE
U. S. ARMY CORPS OF ENGINEERS - GREEN PETER DAM

RATING 142,105 KVA - 13,800 Volta - 1760 Amperes - 0.95 P. F. - 1.63.6 R.P.M.
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Figure 16. Data sheet supplied for Green Peter Unit 1. Values derived from test.
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Table VI Comparison of test and calculated values for Green Peter Unit 1.

DATA PROVIDED BY ARMY

CORPS OF ENGINEERS

SMPRP

Calc Test % error Caic % error

xd 0.92 0.89 3.3 1.02 12.7

x u 0.35 0.33 5.7 0.35 0

xl,

x2

0.30

0.33

0.27

0.34

10.0

-3.0

0.32

0.44

15.6

22.7

xo 0.10 0.18 -80.0 0.44 59.1

1.78 2.04 12.7

0.06 0.12 50.0

td0 - .5.97

SCR 1.24 1.25 0.9 0.98 -27.6

At the time of installation the generator was tested in order to determine its

performance characteristics and electrical parameters. A copy of this data is shown in

Figure 16. This can be compared to the electrical parameters shown in Table III which

SMPRP predicted. The values calculated by SMPRP are all unsaturated values since

saturation is neglected in all calculations. A discrepancy occurs from the tested parameters

obtained from Figure 16 in that the short circuit ratio does not obey the relationship

SCR = 1
Xd

( 123 )

as calculated in the SMPRP. Unfortunately, no formula or procedure was given upon which

to determine where the discrepancy originated, therefore, this value was disregarded.

In addition to the electrical characteristics, the capability and saturation curves were

output These are shown in Tables IV and V, respectively. This information was imported

into a spreadsheet and plotted resulting in graphs seen in Figures 17 and 18. It is unknown

if this data was obtained when the electrical characteristics seen in Figure 16 were tested,

therefore, no comparison of results can be made.
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It is appropriate to compare the predicted values of the reactances and time

constants with those believed to be correct for the machine as seen in Figure 16. Table VI

contains this information showing that some values have quite a large percent error. It is

unknown, however, how accurate the test values were measured and whether they are

actually considered representative of the machine during operation. In any case, it would

appear that the most troubling values are the direct-axis subtransient short-circuit time

constant, ed', and zero-sequence reactance, x0. In fact, Anderson reports that x0 normally has

a value which, depending on the winding pitch, varies between 0.15 to 0.60 of the direct-

axis subtransient reactance, 4. This does not agree with the value predicted by SMPRP

WATTS
40

20

CAPABILITY CURVE
GREEN PETER UNIT 'I

0

20

40

10 20 30
MVAR3

40 DO

Figure 17. Capability curve data in Table IV plotted from a spreadsheet. Calculated for

a system equivalent reactance of 0.4 pu.
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Figure 18. Saturation data from Table V plotted from a spreadsheet.
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and, therefore, points out a discrepancy in the calculation method. In all cases the predicted

values are numerically greater than the test values which would be expected since saturation

is neglected in all calculations. A discussion of the shortcoming of the program can be

found in Section 10, Conclusions and Recommendations.
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9. NOMENCLATURE

The following sections contain all symbols used in this thesis. This is broken into

three sections in order to make clear which variables are measured from the machine.

9.1 Symbols for Thesis

A cross-sectional area

C1 ratio of the fundamental flux produced by the field to the actual

maximum value of flux produced by the field winding

Cdl ratio of the fundamental air gap flux produced by the direct-axis

armature current to that which would be produced with a

uniform gap equal to the effective gap over the pole center

Co ratio of the fundamental air gap flux produced by the

quadrature-axis current to that which would be produced with a

uniform gap equal to the effective gap over the pole center

e, E induced voltage

E0 fictitious internal voltage of synchronous generator representing

field excitation

end electromotive force

f electrical frequency (Hz)

ge equivalent air gap under pole center (using Carter Factors)

G(p) dimensionless transfer function relating stator flux linkage per

second to field voltage

i, I current

id, Id direct-axis armature current

IDd, IDg direct- and quadrature-axis damper winding current

Ifd field current

icy Iq quadrature-axis armature current

kd winding distribution factor

kp
winding pitch factor

kw stator winding factor (1c,, = kp kd)
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km ratio of area of the actual no load flux wave produced by the

field winding to the area of the fundamental of the flux wave

1 length

L inductance

Lf inductance of field winding

m number of phases

nx number of turns linked by flux 4:I

N number of turns in series

Ne number of coils in stator winding

R resistance

Ra armature resistance of a single phase

ree equivalent ac resistance

rbe equivalent single-bar resistance including end ring effect

rdc dc resistance

re, equivalent end winding resistance

Rd, Rq respectively, direct- and quadrature-axis armature winding per

phase

RDd p REN respectively, direct- and quadrature-axis damper bar resistance

Rf, Rfd field winding resistance

Vfd voltage applied to field winding

xed, xaq respectively, direct- and quadrature-axis armature reaction

synchronous reactances

XaDd, "Coq respectively, direct- and quadrature-axis mutual reactance of an

armature phase with the damper winding referred to the stator

Xafd mutual reactance of an armature phase with the main field

winding referred to the stator

Xd, Xq respectively, direct- and quadrature-axis synchronous reactance

xd, xq respectively, direct- and quadrature-axis transient reactance

4, 4 respectively, direct- and quadrature-axis subtransient reactance

xd(p), xq(p) respectively, direct- and quadrature-axis operational impedance

xpd' , xpq' respectively, direct- and quadrature-axis damper winding

leakage

XF true field winding leakage
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Xffpd

Xffd

XDpd, XDpq

XLDd, XLEN

X2

No

P.

ed, tql

"CdOt tq0

c;

eqo

'Vq
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effective field winding leakage

mutual reactance of the field winding with the damper winding

on a per pole basis referred to the stator

complete self reactance of the field winding on a per pole basis

referred to the stator

respectively, direct- and quadrature-axis complete self reactance

of the damper winding on a per pole basis referred to the stator

leakage reactance of an armature phase winding on a per pole

basis

respectively, direct- and quadrature-axis damper winding

leakage reactance on a per pole basis referred to the stator

negative sequence reactance

constant used in the calculation of rbe

permeability of free space (= 47r x 10-7 H/m)

Heaviside's operator /=
ac

resistivity of damper bar comprised of a material x

pcu = 1.7 x 104

pm = 2.8 x 10-8 Om

armature time constant

respectively, direct- and quadrature-axis short-circuit time

transient time constant

respectively, direct- and quadrature-axis open-circuit time

transient time constant

respectively, direct- and quadrature-axis short-circuit

subtransient time constant

respectively, direct- and quadrature-axis open-circuit

subtransient time constant

flux

respectively, direct- and quadrature-axis armature winding flux

linkages



WDd, WDq

Wfd

9

co

respectively, direct- and quadrature-axis damper winding flux

linkages

field winding flux linkages

permeance

2irf

9.2 Physical Dimensions for Electrical Parameters

The following dimensions, defined in Figures 19 through 23, are measured directly

from the machine. These quantities are primarily required for the calculation of electrical

quantities.

bbl

bbl

be,

bf

bh

by

br

bs

bt

b,

Dr

D

Ds

gMAX

gMM

gri

n,

h2

h3

hbl

hb2

width of damper bar

width of slot above damper winding

width of damper bar connecting ring (end ring)

width of field coil

width of pole head

width of pole body

width of rotor slot

width of stator slot

width of stator tooth

width of stator vent duct

diameter of rotor

diameter of the damper bar connecting ring

stator core bore

air gap over pole tip of salient pole machine

air gap over pole center of salient pole machine

air gap of round rotor machine

depth of conductors in stator slot

depth of stator slot above the conductors

distance between top and bottom coil sides

depth of damper bar

depth of slot above damper bar
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her height of damper bar connecting ring (end ring)

hfi depth of field coil

hf2 distance between field coil and pole head

hb depth of pole head

hp height of pole

hri depth of conductor in rotor slot

depth of rotor slot above conductors

Lb damper bar length

Le length of core

Lei length of axial extension of the diamond portion of the coil measured from

the end of Lee to the point of the coil nose

Lee average length of the axial extension of the straight portion of the coil

beyond the stator core

Lb magnetic pole head length

Lp magnetic pole body length

L, length of rotor

N number of stator series turns per phase

N1 number of rotor slots

Ns number of stator slots

Nic number of turns per stator winding coil

N, number of field winding turns per pole on round rotor machine

number of field winding turns per pole on salient pole machine

nb number damper bars per pole

number of stator (radial) vent ducts

P, number of poles on round rotor machine

number of poles on salient pole machine

ra resistance of armature winding (one phase)

rf resistance of field winding on round rotor machine

fsp
resistance of field winding on salient pole machine

y winding pitch

z number of stator winding parallels

tb pole face damper winding bar pitch

trs rotor slot pitch
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9.3 Physical Dimensions for Mechanical Quantities

The following dimensions, shown in Figure 24, are measured from the machine

primarily for use in the calculation of the machine's mechanical quantities.

Dy1 outer diameter of spider

Dye inner diameter of spider rim

Dy3 outer diameter of shaft collar

Ds shaft diameter

Ly1 length of spider rim

LY3 length of shaft collar

Ly4 length of shaft

Ny number of spokes

Ts spoke thickness

Ws spoke width

9.4 Diagrams of Physical Measurements

The following pages contain diagrams of some of the measurements made on the

synchronous machines.
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Stator

g
t

h

x
side view

Figure 19. Pole dimensions.

x
F--bp--i

axiai view

Figure 20. Round rotor (non-salient) pole dimensions.



Pole Head Section

note, for round bars
hblbbl NV' diameter

Figure 21. Damper bar measurements.

top vivo side view

Figure 22. Stator winding and slot dimensions.
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Figure 23. Stator slot dimensions.

Ts

section AAj

P identical ---...
poles

.0,

Ly3

Dye D
Y1

Ny identical
spokes

/s.
AI

Figure 24. Salient pole machine spider dimensions.



10. CONCLUSIONS AND RECOMMENDATIONS

10.1 Conclusions
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This project, funded by the Southern California Edison Co. (SCE), has resulted in the

coding of a program which predicts the electrical characteristics of large synchronous

machines directly from measurements of its physical components. This type of program

was deemed to be useful in the maintenance, refurbishment, and rebuilding of motors and

generators which SCE carries out at its own facility located in Rosemead, California. This

implementation is also appropriate since many of the reactance calculations and performance

curves involve lengthy and/or iterative equations.

In searching the literature and collecting information on the calculation of machine

electrical parameters, a fairly large amount of historical information was uncovered creating

a picture of how synchronous machines were first analyzed. This history was also reviewed

in order to determine why and how equations were originally derived including the

definitions upon which they were based. This original time period was also plagued by the

use of different systems of units especially between engineers and scientists, not to mention

between countries and continents. The background material of these equations is, therefore,

often complex. The resulting compilation of the related equations and procedures, however,

shows that they are readily adaptable to calculation on a computer.

The program developed for SCE has been named the Synchronous Machine Parameter

Recovery Program (SMPRP). This was coded in FORTRAN 77 and compiled as a DOS

executable to run under the 640K RAM limitation imposed by real mode DOS. The

program makes use of third party libraries which provide input/output windowing routines

providing for an interactive and user-friendly program. Data output can be viewed on the

screen and output as a standard ASCII text file. The open-circuit saturation curve and

machine capability curve can also be viewed and output in the same manner allowing the

data to be imported to a spreadsheet for data analysis and plotting.

During program development a 40 MW hydroelectric generator was measured in order

to provide debugging and test data. The electrical parameters calculated by SMPRP were

compared with test data obtained following the machine installation. This data showed that

the predicted parameters usually lied within 23% of the tested values except for the zero-

sequence reactance which was predicted with 50% error. This value also did not fall into
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expected normal ranges of per unit values for this type of machine leading to the belief that

the calculation method is flawed. It is important to point out that the calculations are based

on physical measurements which themselves must be accurately obtained.

10.2 Recommendations

Any project requiring the use of theory and techniques developed many decades ago

obviously uncovers many areas which can be improved upon and/or investigated. This

project is no exception to this rule, and hence, several recommendations for further research

and investigation are pointed out in this section. Interestingly, after years of study in the

power engineering curriculum, this author had no idea that so much practical theory and so

many interesting topics could be found which could be improved upon or brought up to

date. Some of these are listed below:

1. In regard to the program, many examples need to be run in order to determine how

the program works in practice. Where discrepancies continually occur, then the

calculation procedure can be investigated. Until that time it may be difficult to

pinpoint the origin of the discrepancy.

2. A sensitivity analysis should be undertaken in order to determine which measurements

used in the program are critical to parameter estimation. This could also serve to

establish an acceptable range around which there is confidence in the predicted value.

3. The flux constants given by Wieseman are used to modify the flux distribution in the

air gap of the salient pole machine due to its salient pole structure and highly

irregular air gap. These flux plots where all drawn by hand under the assumption that

the pole face profile was an arc of a circle. This is often not the case but allowed

Wieseman to complete his work making a general method available for determining

the flux distribution. Other methods may be investigated, such as incorporating any

of a number of analysis techniques, or a rederivation of the plots using computer

modelling. In any case, an investigation of this topic seems appropriate.
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4. The Heaviside method of operational impedances should be rederived in a more

rigorous manner, such as through the use of the Laplace Transform.

5. Considerable effort was spent attempting to categorize the leakage reactances present

in association with the air gap of the machine. In particular, the calculation of the

harmonic differential leakage reactance in non-integral slot/pole/phase cases (which

applies to most large synchronous generators) becomes non-trivial and was not

completely and accurately implemented. Of interest in itself is machine design using

non-integral slot/pole/phase cases.

6. Sinusoidal ly distributed currents were assumed in the damper bars of salient pole

machines which has been pointed out in discussions to be, most likely, far from the

truth [See discussion with Reference 3]. This effect on the subtransient reactances

and time constants of the machine is worthy of further investigation.

7. As pointed out in the historical development of large synchronous machines,

information on the calculation of electrical parameters for the non-salient pole

machine is curiously lacking. Especially so in the practical sense. Almost all of the

calculations for this case should be further investigated. Of particular interest is the

effect of changing the end winding retaining ring from a magnetic material to a non-

magnetic one, or visa-versa. In addition, the calculation of the subtransient reactances

and time constants due to the induced eddy is of practical significance.

8. Although not discussed in this paper, the calculation of the associated permeances

used in determining the individual reactances of the machine (i.e., damper leakage and

mutual reactance, field winding leakage and mutual with the damper and stator, etc.)

are full of assumptions and transformation techniques. These calculations are also

appropriate for reinvestigation.

These and countless other topics have been encountered during the development of this

thesis and it is hoped that follow-up work and investigations ensue.
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APPENDIX A. PERMEANCE OF THE AIR GAP

An important quantity in the calculation of the synchronous and end winding

reactances is the permeance of the air gap to a sinusoidally distributed m.m.f. on the stator

core. Doherty and Nick le carried out a lengthy derivation to determine how the permeances

were related to each harmonic m.m.f. supported on the stator. The case analyzed was a

harmonic m.m.f. acting over a uniform air gap bounded by two smooth, infinitely permeable

surfaces representing the stator and rotor. The derivation is outlined here in order to

reconcile the units and clarify the assumptions made.

The following conditions were present in the derivation:

1. The C.G.S. electromagnetic units were used where the permeability of free

space, !Jo, is equivalent to one (B = H).

2. The m.m.f. was defined as gilberts per unit length of core (unit length = 1 cm).

3. Flux density was defined in gausses (gauss = maxwell/cm2).

4. The field was two dimensional existing only in a peripheral and radial

direction.

5. A peripheral flux density equivalent in magnitude to the rate of change of the

harmonic m.m.f. on the stator was present along the periphery of the stator

surface. (This occurs by definition in the units chosen.)

6. The rotor surface was at zero potential and, therefore, had only a radial flux

density along its surface with no peripheral component.

The result of the derivation, which is too lengthy and of dubious value to include

here, was that the permeance of the air gap had a value equivalent to the reciprocal of the

air gap length under the condition that the limit of the ratio of the gap length to radius of

the field structure approached zero. In the practical case this is taken to mean that the

permeance of the air gap is exactly equal to the reciprocal of the air gap length when the

proper units are employed.
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Referring to Section 2.2, this can be converted to engineering units as follows,

p 1 1 gausses

maxwell

(124)

(125)

(126)

(127)

(128)

g gilber t /cm/

1 maxwells/cm2
g 1 gilbert/cm

1 maxwell
g gilbertcm/

2.54 1
10

(gilbert)
AT inch g

( )

3.19 maxwell 1

gilbertcm/

g ATinch/

By definition the permeance multiplied by the m.m.f. gives the flux at any point in

the air gap, however, the permeance given above only applies to a constant air gap. A

derivation based on a salient pole structure makes a general solution for the permeance very

difficult due to the high dependency on the pole shape. Historically, this difficulty was

overcome by defining a flux constant which when multiplied in with the permeance and

m.m.f. gave the correct value of flux. Kilgore defined this constant in the direct-axis as Cdi,

the ratio of the fundamental air gap flux produced by the direct-axis armature current to

that which would be produced with a uniform gap equal to the effective gap over the pole

center. A quadrature-axis flux constant, Co, is defined in the same manner for that case.

The permeance of the air gap given in Equation 128 can also be converted into a

specific permeance based on the definition of specific permeance as the flux per pole per

inch of core length produced by unit ampere turns per pole.

Figure 25 shows the m.m.f. which constitutes a single pole. The flux present in the

air gap per unit length of core is a function of 0 over the pole pitch according to Equation

128 (in engineering units), i.e.,



S i nuso 1 da I mmf
distribution on stator

I L I
- -

1{
flux in

1_ air gap

Figure 25. Flux distribution in a smooth, parallel sided, air gap due to a sinusoidally

shaped mmf.

therefore,

flux = m.m. f . permeance (129)

3.19 i maxwell 1fluxi, = NI sin (0) (AT) (130)
g AT inch /

96

In order to determine the flux per pole this must be integrated over the pole pitch, Tr on the

stator surface

flux,i, = fa' 3 's19 NI sin (8) de ( rnaxwel l

inch
(131)



where Ts is calculated as

which requires 0 to be given by

s, it -1) (radians) (132)
P

0 = It x (radians) (133)
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so that as we travel along the periphery from 0 to the pole pitch Ts, the argument e travels

from 0 to rc. The following also results,

de = dx (134)

Substitution of variables gives,

i maxwell (135)fluxai=QD = f I 3'19 NI sin (ic x) dx
o g v \ inch /

which when integrated and rearranged results in

fluxair
NI

gaD 6.28D1 ( maxwell
gP ''' -inchpoi.

=
la

where X, is the specific permeance of the air gap defined earlier.

(136)
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APPENDIX B. FOURIER ANALYSIS OF THE ARMATURE WINDING

In order to analyze the mmf wave of a current flowing in the armature winding it is

assumed that the winding is sinusoidally distributed on the stator. This is a design practice

achieved in machines by distributing and short pitching the coils in each phase winding.

The implication of this is that a current flowing in a stator winding will produce a sine wave

shaped mmf even though the current is flowing through distinct conductors located in slots

in the armature surface. In the analysis of the machine the distribution and pitch factors are

employed for analysis sake to convert the sinusoidally distributed armature winding into a

single winding of an equivalent number of turns. Assuming that the mmf produced by this

equivalent winding produces a step change in mmf as the conductor is traversed, a Fourier

analysis must be carried out to determine the magnitude of the fundamental component of

the trigonometric series comprising the resulting square wave.

According to Fourier analysis, if f(x) is a bounded periodic function of period 2L,

then the function f(x) may be represented by the Fourier Series,

f (x) = a nnx+ E (ancos bncos r-c3c)
2 n 1 L

where the terms an and bn are given by,

an = 1 f f (x) cos 117cbc , n = 0,1,2,3, ...

bn = 1 f f (x) sin nLx dx , n = 1,2,3, ...
-L

(137)

(138)

(139)

These integrals may be evaluated for the mmf wave of any winding to determine the

fundamental component of flux crossing the air gap. The main assumption in the following
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L L__

Figure 26. Assumed mmf distribution due to a current I flowing in a stator winding.

analysis is that the conductors are represented by points and a step change in mmf is

experienced when crossing the conductors as shown in Figure 26.

Figure 26 shows a portion of the mmf distribution on an armature resulting from a

winding of N/P turns per pole with a current I flowing within it. The step change in mmf is

experienced each 2ir/P mechanical radians as the stator is traversed. Carrying out the

Fourier Series, it is obvious that over one period the average value of mmf is equal to zero,

therefore, without showing the calculation the following can be stated,

ao 0 (140)

The calculation of an and bn must be divided into two separate integrals due to the

discontinuity at the chosen origin. The following integrations result,
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V o

1 f N , nrzx dx 1 i N nrcxdxan u. cos 7,7 --§ 1 cos
2w p 2w 2w
P P P P

O -it
P

(141)

NI (sin (nn)nn

=0 for all n

sin (0) + [sin (0) sin (-nrc)])

o

1 f N - 1 Nb. 1 Sin=- dx + -T, I sin= dx
2w p 2w 21i

P e P P

(142)
NI

+-. -cosan (nn) + cos (0) [-cos (0) + cos (nrt)])

4 NI for n = 1, 3, 5, ...nn

The resulting series for the mmf wave of the full pitch winding is given by Equation 137 as,

mmf (x) =
rcn 2

PE4 NI sin n x for n = 1, 3, 5, ... (143)
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where the amplitude of the fundamental component of the mmf on the armature per pole is

the coefficient of the sine term when n = 1, i.e.,

4 NIM =
P

(144)
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APPENDIX C. EQUIVALENT DAMPER WINDING TURNS

The damper bars are distributed over the surface of the pole, therefore, they must be

converted to one winding in each axis. The factor kw, the direct axis pitch factor, or kki,

the quadrature axis pitch factor, is introduced such that when multiplied by the damper turns

gives an equivalent number of turns representing the short pitch of the equivalent damper

winding.

The derivation of the pitch factors is carried out by Liwschitz. Talaat modified the

result by defining the equivalent number of turns present in the damper circuit as ND, in

order to maintain consistent terminology in his papers. Talaat's equivalent damper turns,

ND, is defined in the same manner for both axes as a function of there being an even or

odd number of damper bars per pole as follows:

axes:

nu.
N I= (even number of bars per pole)

1
NE. =

nb
(odd number of bars per pole)

2

(145)

(146)

The damper windings have the following pitch factors in the direct and quadrature

kb('

(even number of bars) (147)

sin(Nod ab' - ) .sin((NDd+1).-7)

Ntod ' Sin(--J2a )
2

(odd number of bars)
(148)



As noted in Liwschitz's paper, the quadrature axis pitch factor is obtained by

determining the equation based on an even and an odd number of poles and taking the

average. It is for this reason that the term Npq does not show up in the equation,

k
Dci

sin(n, c--gb).., 2

2nbsin(4x)
(for even or odd number of bars)
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(149)
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APPENDIX D. IMPEDANCE RATIOS TO REFER FIELD WINDING REACTANCES TO THE

STATOR

The calculation of the transient and subtransient reactances requires the

determination of the reactances associated with the field to be referred to the stator. This

includes the self reactance of the field winding, Xffd, the mutual reactance of the field with a

phase on the stator, xafd, and the mutual reactance of the field with the damper winding, xDfd,

all in the direct axis. In the quadrature axis there is no field winding, hence, the only

reactance present is due to the damper winding as determined in Appendix F.

The procedure used to determine the impedance ratios is to first find the voltage and

current ratios between the field and the stator and then use these to determine the impedance

ratio. The current ratio is derived under the assumption that a current in the field winding

will set up a fundamental component of flux over the pole in the air gap exactly equal to the

fundamental component of flux per pole set up in the air gap by an equivalent current in the

armature winding. Defining the currents If and if, as the currents in the field and the

equivalent current in the stator winding, respectively, the following equation will be satisfied

in the air gap,

4)fd (Id afd(ifa) (150)

The flux in the circuit results from the product of the mmf and the permeance,

therefore, these two terms must be determined. A simplification is applied by noting that

the permeance of the air gap is the dominant factor, therefore, the permeance of the air gap

as established in Appendix A will be used. In addition, since this permeance is determined

for a parallel sided air gap, the flux constants Cdl and C1 must be used. Recalling the

definition of these,

Cal = ratio of the fundamental air gap flux produced by the direct axis armature

current to that which would be produced with a uniform gap equal to the

effective gap over the pole center
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ratio of the fundamental flux produced by the field to the actual maximum

value of flux produced by the field winding

The mmf produced by a current If in the field winding is given by,

Mid = kif If (AT) (151)

and the fundamental component of flux produced in the air gap when the pole shape is

considered, as discussed above, becomes,

difd = N't If 3.19
Ci,

ge
(152)

In the same manner, the fundamental component of mmf produced by the current ifd

in the stator winding per pole in each parallel circuit as established in Appendix B is given

by,

4 NIS, 4
Maid X (e) afa

Z

(153)

When Equation 153 is multiplied by the permeance of the air gap, the flux is determined for

a parallel sided air gap as previously discussed, therefore, the flux constant Cdl is used to

convert this to a value equivalent to the flux produced by the field winding as given in

Equation 152. As a result, the fundamental component of flux in the air gap due to the

equivalent current in the stator phase is given by,

A 4 NICv
ge

3.19
'Vied -,ji Cdi

1 Z i

(154)



Solving Equation 150 gives the current ratio,

If 4 NIc. Ccu

i fa it (4)Nf Cl
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(155)

The voltage ratio between the field and a stator phase can be determined by defining

the voltages,

efd =

Efd =

armature voltage per pole per in each parallel circuit in the direct axis.

voltage per pole produced by the field winding

Proceeding, transformer theory requires that the mmf produced in each winding be

equivalent, therefore, from the relations,

mei = mmf, (N1I1 au N212) (156)

and,

the voltage ratio is determined,

V1 11 = V2 12

V1 Ni
V2 N2

Letting V1 = eta and V2 = Efd and noting that the turns associated with these are,

N1
Ic

1

(157)

(158)

(159)



N2 = Nf kf
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(160)

where k1 is the pitch factor associated with the field winding and N2 gives the number of

turns per pole in each parallel circuit. This gives the voltage ratio,

efd _ Nis,

Efd (1) Nf kf

The impedance ratio is determined as follows,

AZf

eraIf efd Cra Z

lea
stator= =

Efd Efd

If Zfield

4 (NISd2 Cal

71 (1) 2Nbcf Cl

(161)

(162)

An additional impedance ratio is required to refer the impedance of the damper

winding on the pole to the field winding. This is required to determine the mutual reactance

of the field winding with the damper winding. The procedure used to determine this

quantity is the same as previously shown. Again, even though both circuits in question

reside on the pole, the flux in the air gap is used as the criteria to equate in order to find the

current ratio.

A flux in the air gap due to a current in the field winding is established as presented

in the derivation of Equation 152. The flux in the air gap due to an equivalent current in

the damper winding can be found from the results presented in Appendix A. Equation 154

becomes,
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4IfDd = . nu. ( 1 -k,n) iDfd
3.19

C
it - ge

dl (163)

Setting Equations 163 and 152 equal according to Equation 150 gives,

If 1 nb ( 1 -kb) Cdi
1Dfd it Nf C1

Defining the voltages,

(164)

EfDd = voltage due to the damper winding on a pole

Efd = voltage per pole produced by the field winding (as before)

and assigning V1 = Ef Dd and V2 = Efd. The corresponding turns associated with the voltages

is then,

and Equation 158 gives for this case,

N1 = NDdlcDd (165)

N2 = Nf kf (166)

EfDd Nix' kDd

Efd Nf kf
(167)



The impedance ratio for transforming reactances from the damper winding to the field

winding is then given by,

Azfd = __L_E - 1 NDdkDdnb (1-kb) Ca
2Zfield t Nf kf Ci

109

(168)
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APPENDIX E. IMPEDANCE RATIO TO REFER DAMPER WINDING REACTANCES TO THE

STATOR

In order to refer the damper winding reactances to the stator it is necessary to

determine the impedance ratio between the two windings. This is done by determining the

voltage and current ratios between the two windings. The current ratio is derived under the

assumption that a current in the damper winding will set up a fundamental component of

flux over the pole in the air gap exactly equal to the fundamental component of flux per

pole set up in the air gap by an equivalent current in the armature winding. Defining the

currents iD, and ID, as the equivalent and actual damper winding currents, respectively, the

following equation will be satisfied in the air gap,

4) (ip.) = 4D (ID.) ( 1 6 9 )

where the subscript "" denotes the case under investigation.

The flux set up in a circuit results from the product of mmf and permeance,

therefore, both of these terms must be determined. Since the permeance of the air gap is the

primary factor in the total permeance of a magnetic circuit, the result established in

Appendix A will be used for the second term. The first term, the amplitude of the

fundamental component of the mmf wave for each current, is derived by Talaat and is

repeated below in order to take into account the parallel circuits in the machine.

In the case of the direct-axis damper winding and the quadrature-axis continuously-

connected damper winding, the derivation of the mmf assumes that the magnitude of the

damper bar currents induced in pairs of bars located symmetrically with respect to the flux

wave axis are equivalent. In the case of the quadrature-axis discontinuously-connected

damper winding, the induced currents are assumed to return through the pole tip bars. This

occurs on each half pole since the prior assumption cannot be met. With these conditions,

Talaat derives the following equations for the amplitude of the fundamental mmf:

In the direct axis,



Mod = 1 1lb Ibd (1-kb)

In the quadrature-axis with a continuously-connected damper winding,

mbar = 1 nb Imic (1+kb) (171)

In the quadrature-axis with a discontinuously-connected damper winding,

Mboo, = Tic ( nb -1 ) ( 1 -kbo ) I (172)

where,

sin (nbab)
kb nb sin (ab)

kbo - kbi 0.5 (1-abi) cos [ (nb-1) gcb 1t.

sin [ (nb-1) abi]
kbl (nb-1) sin (abi)sabi,

tan [ (111,-1) aim.]
abi (nb-i) tan (abi)

(173)

(174)

(175)

(176)
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and a = the angle between two bars assuming a uniform

distribution of bars.

The mmf and the permeance are now multiplied to obtain the flux in the air gap for

both windings. Note, however, that the result applies to a parallel sided air gap as discussed

in Appendix A when deriving the air gap permeance. Therefore, the resulting flux must be

multiplied by the appropriate flux constant to take into account the pole shape. Taking this

into account, the magnitude of the fundamental component of the air gap flux due to the

current ID, in the damper winding in the direct and quadrature axes (continuously-connected

damper winding case) is,

Spd = nb ( 1 -kb ) IDd 9'19 Cdi
ge

copcic nb (1+kb) I 3.19 . cI,qc ge

(177)

(178)

In the discontinuously-connected damper winding case, the following flux magnitude is

obtained,

+bop = (nb-1) (1-kbo) Imp 3.19
ge

(179)

where the flux constant, Co, is not required since the damping is assumed to occur only

over the pole head bars where a constant, parallel sided, air gap is assumed to be present.

On the stator, the mmf due to a current in a phase winding was obtained in

Appendix B. The distributed stator winding is converted into an equivalent concentrated

winding by multiplying the number of turns per phase per pole in each parallel circuit by

the winding factor lc. The resulting mmf, Ma, is given by,



4 Al Is,
174a "Da
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( 180 )

and the resulting magnitude of fundamental component air gap flux for all cases by,

4 N kw 3.19 Ca
(-11) Dd ge

4)aq - c4 Nkv 3.19
g. cri

( 181 )

( 182 )

Setting the fluxes equal as shown in Equation 169 gives the sought after current ratio in the

direct axis as,

iDd ( (1 -kb)

and for each case in the quadrature-axis as,

- 4N1c,

iDq (4) nb (i+kb)

- 4 N

13,2 (I) (nb-1) (1-kbo)

( 183 )

( 184 )

( 185 )
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The voltage ratio between a damper winding and a stator phase is not derived in

Talaat's papers but can be determined as follows. Defining the two voltages,

eD = armature voltage per pole per parallel circuit in direct or quadrature axis,

EDd voltage per equivalent damper winding in the direct axis,

EDg = voltage per equivalent damper winding in the quadrature axis.

Transformer theory requires that the mint' produced in each winding be equivalent, therefore,

from the relations,

and,

the voltage ratio is obtained,

MInfl = MMf2 (14111 N2 12)

V1 I1 V2 12

V2 N2

(186)

(187)

(188)

Assigning the voltage V1 = eD, the number of turns per pole per parallel circuit

associated with the voltage on the armature, VI, is given by,

(189)
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In the direct axis, assigning the voltage V2 = EDd and noting that the number of turns

per equivalent damper winding on each pole in the direct axis associated with the voltage on

the pole, V2, is given by,

N2 = Npd ICDd (190)

The voltage ratio obtained by substituting these values into Equation 188 becomes,

eD Nk,
EDd YNDd

(191)

In the quadrature axis, assigning V2 = EDI and noting that the number of turns per

equivalent damper winding on each pole in the quadrature axis associated with the voltage

on the pole, V2, is given by,

N2 = NDC.Dcz (192)

the associated voltage ratio becomes,

eD _ N.
EDq ND,21C.D1

(193)

The impedance ratio for the cases discussed are realized by multiplication of the appropriate

equations. As an example, multiplying Equations 191 and 183 give the direct axis

impedance ratio, AzDd,



AZDd

i,
=

IDd eD ILD, Z stator-
iDd EDd Eat ;awe,

Ind

4 (NICw) 2

(1)3ni,(1-kb)NDdlcod

The quadrature axis cases are given below in final form,

AZDqC =
(t) 2NDczkDelb (l+kb)

4 (N1C) 2

AZDqD =
(i ) 2 NDq1CD4( (nI, -1) (1 -IC.1).0

4 (Nkv) 2 Co
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(194)

(195)

(196)
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APPENDIX F. REACTANCE OF A DAMPER WINDING

The total reactance of the damper winding referred to the stator is required in the

operational calculus method of analyzing the synchronous machine. The procedure used is

to find the leakage and mutual reactances of the damper bar on a per pole basis then refer

them to the stator using an appropriately defined impedance ratio. The derivations are

repeated here using Talaat's procedure in order to take into account the number of parallel

circuits present in the stator winding and to show the method of development clearly.

In all cases, the reactance of the equivalent single circuit damper winding is given

by the fundamental definition of reactance as,

*xX, = 2 X f .= 1.0 -8 (ohms)
-Lx

(197)

The flux linkage of the damper winding must, therefore, be determined. Fortunately, this is

simplified by the fact that the damper winding is transformed into an equivalent single turn

winding in each axis as explained in Appendix C. The result, which should be apparent, is

that the flux linkage, wx, due to a current in the equivalent damper turn is given by,

(198)

It is with this assumption that the following calculations in this section are carried out.

F.1 Direct Axis

The direct-axis leakage and mutual reactances are calculated based on the definition

of a current Ind flowing in an equivalent damper winding causing a leakage flux linkage,

likod, with itself and a mutual flux linkage, AtraDd, with a stator phase.
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F.1.1 Leakage Reactance

If the flux due to the current IDd in a single damper bar in the direct axis is defined

to be 4 and the effect of the end ring is ignored, then the following is true due to there

being two damper bars in a single damper winding,

OW =2 Obd

= 2 mmfbd Pbd

= 2 DIDd krd Ird Abd Lcore

(199)

Therefore, using the relation in Equation 198, the flux linkage per pole due to the current

flowing in the equivalent damper winding in the direct axis is given by,

*Ind = 2 Nnd kDd IDd Abd Lone (200)

Placing this result in Equation 197 gives the equivalent single turn damper leakage reactance

per pole on the rotor,

xad = 4 Tr f Npd kDd Abd Lcore 10-8 (ohms) (201)

This reactance is that present on the rotor, therefore, it must be referred to the stator. The

impedance factor, AzDd, derived in Appendix E is used giving the referred damper leakage

reactance per pole on the stator as,

X = x AzDd (202)



8f Lcor., (Nlc)2 211 Abd
14-Dd (ohms )

(1)2 108 nb (1-kb)

F.1.2 Mutual Reactance
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(203)

The mutual reactance between the damper and the stator windings is determined by

finding the flux linkage in the damper winding due to a current in a stator phase. This

could also be derived by determining the flux linkage in the stator phase due to a current in

the damper winding, however, the chosen method gives the reactance of the damper winding

which can then be referred to the stator in the same manner as the leakage reactance. Talaat

shows both derivations proving that the same result is obtained by both methods (which is

to be expected).

Qualitatively viewing the problem, it is apparent that for a flux generated by a stator

phase to link a damper winding, the flux itself must cross the air gap. This requires the

determination of the fundamental component of the flux in the air gap. The fundamental

component of mmf produced by a stator phase due to a current iDd is given by use of the

result obtained in Appendix B,

4 NIS/ 1 ATMa Dd

Z

(204)

The resulting amplitude of the space fundamental of flux in the air gap is obtained by

multiplying the above mmf by the permeance of the air gap as derived in Appendix A,

fair zap = mmf damp. pair

4 NIC, 4
J-Dd ^Pa a-'core

1g (12)
( lines

pole
(205)
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Equation 205, however, gives the flux crossing an equivalent, smoothly bounded, air

gap. In order to take into account the shape of the pole, the flux constant Cdl is introduced

resulting in,

air gap 1 7p iDd Cd1 /aLcore
Z

( lines)
pole ' (206)

This flux links the equivalent damper on the rotor which itself is represented by a single

turn coil (NDdkr,d) on each pole. The resulting mutual flux linkage becomes,

[ 4 NIS' i la ',core]*Dad = NIMICDd 71 DCadz

Substituting Equation 207 into Equation 197 gives,

(207)

N1 Is
xpio = 2 it f Npdkpd iDd Cdi la Lcor 10-8 (ohms) (208)

IDd IC (
Z

where the current ratio, Equation 183, in Appendix E must be used to eliminate iDd as

follows,

xpad = 2 it f L NI,dknid 4 NIS' °

IDd 71 (Z))

(209)

[ (f)rib(1-kb)
I 10-8 (ohms

4 Nis,



giving,

121

xpad = 2 f NctikDdilb ( 1 -kb ) Cdi L 10-8 (ohms) ) (210)a

which is the mutual reactance between any pole on a stator phase winding and the

equivalent single circuit damper winding on a pole on the rotor. This reactance is referred

to the stator by use of the impedance ratio Azw, derived in Appendix E, giving the referred

damper leakage reactance per pole as,

XDad XDad AZDd

8f Lcor (NI) 2
Ca Ai (ohms)

(1)2 108

F.2 Quadrature Axis

(211)

(212)

The quadrature-axis leakage and mutual reactances are calculated based on the

definition of a current IDqc (continuous damper ring) or IND (discontinuous damper ring)

flowing in an equivalent damper winding causing a leakage flux linkage, xywqc (continuous

damper ring) or likpciro (discontinuous damper ring), with itself and a mutual flux linkage,

WDaric (continuous damper ring) or XliDaqD (discontinuous damper ring), with a stator phase.

F.2.1 Leakage Reactance

If the flux due to a current in a single damper bar in the quadrature axis is defined

to be (N and the effect of the end ring is ignored, then the following is true due to there

being two damper bars in a single damper winding,



tux, =2 tbq

= 2 mmfb Pbq

= 2 Npctkpcjaz lbciLcore
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(213)

Therefore, the flux linkage per pole due to the current flowing in the equivalent damper

winding in the quadrature axis is given by,

4, uurx = 2 Nbq kbq Ib lbq Leo,. (214)

Placing this result in Equation 197 gives the equivalent single-turn damper leakage reactance

per pole,

x = 4 rt f NbakmilbqL 10-8 (ohms) (215)

This reactance is present on the rotor, therefore, it must be referred to the stator. The

impedance factors, Ankh, derived in Appendix E are used giving the referred damper

leakage reactances per pole as,

Xbcp, = Xin AzDqx

8 f Lcor (NIcw) 2 2 n AN (ohms)
( 1 ) 2 106 rlb(3-+kb)

(216)

(217)

8 f L (NIC ,) 2 2 n lbq Ccil
rnXMID

(ohms) (218)
(1;)2 108 (nb-1) (1-kbo)
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Equation 217 checks with Talaat's results, however, equation 218 as presented by Talaat has

X and C2q1 instead of Xbq and Cql, respectively.

F.2.2 Mutual Reactance

The mutual reactance between the damper and the stator windings is determined by

finding the flux linkage in the damper winding due to a current in a stator phase. As with

the direct-axis derivations, it is also apparent in this case that for a flux generated by a stator

phase to link the damper winding, the flux must cross the air gap. This requires the

determination of the fundamental component of flux in the air gap. This is given in

Appendix B for a parallel sided air gap as,

M
4 Nk,

in er.a
( )

n
/ (219)

The resulting amplitude of the space fundamental of flux in the air gap is obtained by

multiplying the above mmf by the permeance of the air gap as derived in Appendix A,

*air gap = Mrafdamer Pair gap

Nis,
ipi Dc " oze

Z

/ lineal
k pole /

(220)

Equation 220, however, gives the flux crossing an equivalent, smoothly bounded, air

gap. The magnitude of the flux wave is actually much smaller on account of the large

interpolar air gap, therefore, the flux constant Co is introduced,

gap
4 NIS, 1Dq, Ccal A.L. (lines) (221)
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The flux crossing the air gap links the equivalent damper on the rotor which itself is

represented by a single turn coil (NDqkp) on each pole. The resulting mutual flux linkage

becomes,

[
4 N

4rreqx = Nrq 1,..r
( 1 )

J. DQx Cm. la Le
It

Z

Substituting Equation 222 into Equation 197 gives,

3(13°`P`
= 271f I

1

Mix

INTrq
4

[ Icrq irqx Co la Lc.1 10-8 ( ohms )
n (1)

( 222 )

(223)

where the current ratio, Equations 184 and 185 for the continuous and discontinuous damper

ring cases, in Appendix E, must be used to eliminate i as follows,

x = 27If 1 N k 4 NI('
DaqC I n )

(224)

Ilb (1+kb)
IDgcl Cqt Lcon, 10 -8

4N km
(Ohms)



giving,
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NXDa4D = 2 f 1 4 NIS,
;co Da D4 w

(225)
(i) (nb-1) (1-kbo)

4 Nici,Cal
Iazo) Cal laLo, 10-8 (ohms)

= 2 flipakpanb(l+kb) Cal laLcer, 10-8 (ohms) (226)

xDaqp = 2 f N
DCZ

kbq (nb -1) (1 -kb0) a Lcora 10-8 (ohms) (227)

which are the mutual reactances between any pole on the stator phase winding and the

equivalent single circuit damper winding as a function of the type of end ring connection

(continuous or discontinuous) present on the rotor. These reactances are referred to the

stator by use of the appropriate impedance factors AZT, derived in Appendix E, giving the

referred damper leakage reactance per pole as,

Xpeox " xiseqx AzDax (228)

8f Lcore (Nlcv) 2 C ( ohms )
(1)2 108

(229)



8 f L (Nkv)

XpacID ( Pc) 2 108 Ccil la ( ohrns )

126

(230)

It should be noted that Talaat does not provide a derivation for XpaqD and, as such, his work

is incomplete.
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APPENDIX G. TOTAL REACTANCE OF THE FIELD WINDING

The total reactance of the field winding referred to the stator is required in the

operational calculus method of analyzing the synchronous machine. The procedure used is

to find the leakage reactance of the field winding, the mutual reactance of the field winding

with a stator phase, and the mutual reactance of the field winding with the damper circuit on

the pole. The results are then referred to the stator using the impedance ratio derived in

Appendix D. The derivation of these reactances is included here in order to take into

account the number of parallel circuits present in the stator winding and to show the method

of development.

In all cases, the reactance of the field winding is given by the fundamental definition

of reactance as flux linkages per unit current,

x = 2 lc f lerx 10-8 (ohms)Ix

The flux linkages for each case are determined in the following sections.

G.1 Leakage Reactance

(231)

Defining the specific permeance of the field winding as AF and finding the flux from

the product of mini and permeance gives,

SU = Nf I f lip Loo i line.
" 1 D01. (232)

This flux is produced on each pole. Assuming that the field winding is a perfect coil of Nf

turns located on the direct axis, the total flux linkage, wu, is then given by,

*II 1. Nf [Nf I f Alp Lcoz, ] (233)



which when substituted into Equation 231 gives,

Xu = 2 1g f [Nt Af LCOX el 1 0 -8 1 pole i
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(234)

This reactance is present on the rotor, therefore, it must be referred to the stator by use of

the impedance ratio, Azf, derived in Appendix D. When this multiplication is carried out the

referred leakage reactance of the field winding is giving by,

_ 8 f Loons (NIS.) 2 Ca
(i) 2 108 Clkf

Alt

G.2 Mutual Reactance of Field and Stator Winding

(po12181e)
(235)

The mutual reactance between the field and stator windings is determined by finding

the flux linkage in a stator phase due to a current in the field winding. This choice of

analysis is done opposite to the derivation of the mutual flux of the damper and stator

windings in order to show this method. This could also be derived by determining the flux

linkage in the field winding due to a current in the stator phase, however, as was not the

case in finding the mutual reactance between the damper and stator windings, the chosen

method gives the reactance of the field winding referred to the stator in one step. In

comparison, the other method required the additional step of using the impedance ratio

between damper winding and stator winding to refer the reactance to the stator. In any case,

Talaat shows both derivations proving that the same result is obtained by both methods

(which is to be expected).

Qualitatively viewing the problem, it is apparent that for a flux generated by the

field winding to link a stator phase, the flux itself must cross the air gap. This requires the

calculation of the fundamental component of flux in the air gap. This can be determined by

multiplying the mmf produced in the field winding by the permeance of the air gap and then

multiplying by the flux constant C1. The permeance of the air gap is derived in Appendix A

giving the flux in the air gap as,



Sair gap = Nf I f la Lcore Cl I lines \
1 Pole /
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(236)

The flux constant, C1 gives the ratio of the magnitude of the fundamental value of

the field flux to the actual value produced by the mmf , NfIf. It is noted by Wieseman that

the flux wave produced by the field winding has a marked flatness over the pole center.

This is in contrast to the sinusoidal flux produced by the armature winding. Since a flux

wave which has a flat top requires more flux per pole to obtain a given effective voltage

than a peaked wave, it is necessary to modify Equation 236 which assumes a sinusoidal flux

distribution. The flux constant defined for this purpose is k, which gives the ratio of the

area of the actual no load flux wave to the area of the fundamental. The flux in the air gap

of interest here is then given by,

el) ai = Nf I f A, Lco Ci k. / lines \
k pole / (237)

This flux travels across the air gap and links a stator phase represented by a single

turn Nkw, therefore, the flux linkage, wed, produced in the stator phase by the current If in

the field winding is given by,

Nk.
Irafd p Pf If la Lcora Cl kild(I) (238)

Substituting Equation 238 into 231 gives the mutual reactance of the field winding on a pole

with an armature phase as on the stator,

Xafd = 2 Ti
1 Nf Nf I deft Lcore Ci IC. 10-8 (12M) (239)

ifa (1)



Now using Equation 164 of Appendix D to substitute for If gives,

1 Nk
/IfXafd 27C L lf(2)

{4 NIS C Lcoie 10 8
( Nf C1

giving the field reactance referred to the stator as,

8f Lcore (NIS') 2 Cdl
Xafd C lc. 1°1-2-1"

(1)2 . 108 c1 a I kpolai

pO°h111510)
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(240)

(241)

Note that the term XaCilc. is typically written in a different manner. As pointed out by M.L.

Henderson in the discussion to Kilgore's paper,

= 2 Cp (242)

which when substituted for the last term in Equation 241 gives the more familiar form,

C
2 E a

seen in Equation 94 of Talaat's paper, Reference 3.

(243)
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G3 Mutual Reactance of the Field and Damper Windings

The mutual reactance of the field and damper windings is determined in the same manner as

is the mutual reactance between the field and stator windings. This assumes a current in the

damper winding which sets up a flux linking the field winding. The result is then referred

to the stator using the results of Appendix D.

In Appendix III of Talaat's first paper, Reference 1, the magnitude of the

fundamental wave of mmf in the air gap set up by a current flowing in the damper winding

is given by,

al
(.1 if T ATMDd = L r, " (pol)7t

(244)

As a result, the magnitude of the fundamental component of flux set up in the air gap when

taking into account the pole shape is determined by the product of this mmf, the permeance

of the air gap, and the flux constant Cdl giving,

1 lines
air = L b J.

le I
J.
T

D.fd laLcor Cdi. (-
IT polo

(245)

This flux occurs over each pole. In addition, this flux links the field winding turns which

are considered an ideal winding of turns Nfkf. The mutual flux linkage of the damper

winding with the field winding on each pole is given by,

ir eDd Nf kf [71 nb ( 1-kb) IDfd la Lcor Cdr] (246)

Substituting this into Equation 231 gives the mutual reactance of the field winding with the

damper winding on each pole,



1xfi)d = 2 TC f
.L f

[Nf kf nb ( 1 -kb) IDfd Aa Lco Cdil 10 -8 ( Ohms )

Eliminating IDfd from this equation by use of Equation 164 in Appendix D gives,

XfDd = 2 7[ f 1 1Nf kf nb (1-kb)I f

[Tt

Nf C1

n (1 lc
I 11

b Cdi
f a Lcore -di 10 -e (Ohms)
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(247)

(248)

This is the mutual reactance of the field and damper windings as seen on the field winding

on each pole. The impedance ratio, AV, is used to refer this to the stator winding as

follows,

resulting in,

XfDd = 2 nfNlkf C11,Lcoi. 10-8

4 (N k) 2 cdi ohms

(11)2Nt,kf kpoie/

X _ 8 f Lcore (NIS') 2 A CtDd (1)2 10a a
di

°hm5pole'

(249)

(250)
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APPENDIX H. FIELD RESISTANCE REFERRED TO THE STATOR

In order to refer the field resistance to the stator for the calculation of the time

constants, a power balance is done between the stator and rotor. The assumption is that a

resistance on the rotor should have the same power loss as the reflected resistance would on

the stator. The loss in the field winding is given by the common equation,

Pf = If It (251)

Replacing If with its equivalent current on the stator by use of Equation 155 of

Appendix D gives,

4 Cdi Nk ifa)2Pf = if IT C1 (I) tif(

The equivalent loss in the stator is given by,

Pf = Rf ila

therefore, setting Equations 252 and 253 equal gives,

( 4 ccu. NIS/ )2 I fRf n CI (I)
z f

(252)

(253)

(254)

Note now that the value in brackets is an impedance factor between the field and

rotor. This can be compared to Equation 162 in Appendix D. The value of ic, can be found

by comparing these two impedance relationships where the quantity in brackets in Equation
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254 is determined from a power balance while Equation 162 of Appendix D is determined

from a flux balance. This gives,

4 Cap (NISI) 2 4 Cap N1s,
It Cikf (4) 2N1 n C1 (1) Nf

which results in the following definition for the field winding factor,

k = n Cl
f 4 cal

(255)

(256)
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